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Abstract 
 
Abstract 
Stepped chutes have been used as hydraulic structures for more than 3.5 millennia 
for different purposes: For example, to dissipate energy, to enhance aeration rate in 
the flow and to comply with aesthetical functions. They can be found acting as 
spillways in dams and weirs, as energy dissipators in artificial channels, gutters and 
rivers, and as aeration enhancers in water treatment plants and fountains.  
Spillways are used to prevent dam overtopping caused by floodwaters. Their design 
has changed through the centuries. In ancient times, some civilizations used steps to 
dissipate energy in open channels and dam over-falls in a similar fashion as natural 
cascades. However, in the first half of the twentieth century, the use of concrete 
became popular and the hydraulic jump was introduced as an efficient energy 
dissipator. In turn, the use of a stepped geometry became obsolete and was replaced 
with smooth chutes followed by hydraulic jump stilling basins. In recent years, new 
construction techniques and materials (Roller Compacted Concrete RCC, rip-rap 
gabions, wire-meshed gabions, etc.) together with the development of new 
applications (e.g. re-aeration cascades, fish ladders and embankment overtopping 
protection or secondary spillways) have allowed cheaper construction of stepped 
chutes, increasing the interest in stepped chute design. During the last three 
decades, research in the hydraulics of stepped spillways has been very active. 
However, studies prior to 1993 neglected the effect of free-surface aeration. A 
number of studies since this time have focused on air-water flows in steep chutes (θ 
≈ 50o). But experimental data is still scarce, and the hydraulic performance of 
stepped cascades with moderate slope is not yet understood.  
This study details an experimental investigation of physical air-water flow 
characteristics down a stepped spillway conducted in two laboratory models with 
moderate slopes: the first model was a 3.15 m long stepped chute with a 15.9o slope 
comprising two interchangeable-height steps (h = 0.1 m and h = 0.05 m); the second 
model was a 2.5 m long, stepped channel with a 21.8o slope comprising 10 steps (h 
= 0.1 m). Different arrangements of turbulence manipulators (vanes) were also 
placed throughout the chute in the second model. A broad range of discharges within 
transition and skimming flow regimes was investigated to obtain a reliable 
representation of the air-water flow properties. Measurements were conducted using 
single and double tip conductivity probes at multiple span wise locations and at 
streamwise distances along the cavity between step edges to obtain a complete 
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three-dimensional representation of the flow. Although the present study was 
conducted for two moderate slope chutes (θ = 15.9º & 21.8o), it is believed that the 
outcomes are valid for a wider range of chute geometry and flow conditions.  
The purpose of this study is to improve the understanding of turbulent air-water flows 
cascading down moderate slope stepped chutes, and gain new understandings of 
the interactions between aeration rate, flow turbulence and energy dissipation; scale 
effects are also investigated. The study provides new, original insights into air-water 
turbulent flows cascading down moderate slope stepped spillways not foreseen in 
prior studies, thus contributing to improve criterion designs. It also presents an 
extensive experimental database (available in a CD-ROM attached at the end of this 
thesis) and a new design criterion that can be used by designers and researchers to 
improve the operation of stepped chutes with moderate slopes. The present thesis 
work included a twofold approach. Firstly, the study provided a detailed investigation 
of the energy dissipative properties of a stepped channel, based upon detailed air-
water flow characteristics measurements conducted with sub-millimetric conductivity 
probes. Secondly, the study focused on the microscopic scale properties of the air-
water flow, using the experimental data to quantify the microscopic scale physical 
processes (e.g. momentum transfer, shear layer development, vertical mixing, air-
bubbles/water-droplets break-up and coalescence etc.) that are believed to increase 
the flow resistance in stepped canals. The study highlighted the tridimensionality of 
skimming flows and hinted new means of enhancing flow resistance by manipulating 
turbulence in the stepped chute.  
Basic dimensional analysis results emphasized that physical modelling of stepped 
chutes is more sensitive to scale effects than classical smooth-invert chute studies 
and thus suggested that the extrapolation of results obtained from heavily scaled 
experimental models should be avoided. The present study also demonstrated that 
alterations of flow recirculation and fluid exchanges between free-stream and cavity 
flow affects drastically form losses and in turn the rate of energy dissipation. The 
introduction of vanes demonstrated simple turbulence manipulation and form drag 
modification that could lead to more efficient designs in terms of energy rate 
dissipation without significant structural load on the stepped chute. 
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Notation 
a air-water specific area (1/m) 
a1 empirical constant a1 = 2⋅lm2/X2 
amean depth-averaged air-water specific area (1/m) 
Aw water flow cross-section area 
b 1 - transverse distance between vanes 
2 - constant characteristic of the maximum variation of β(c)  
C air concentration or void fraction defined as the volume of air per unit 
volume.  
Cmean depth averaged air concentration defined as: d)Y1(C 90mean ⋅−=  
CFmax air concentration corresponding to maximum bubble frequency Fmax 
cha chord length of an air structure 
chw chord length of a water structure 
ach  mean air chord size 
wch  mean water chord size 
DH hydraulic diameter (m); d2W
dW4DH += for a rectangular channel 
Dt turbulent diffusivity (m2/s) of air bubble in air-water flows 
Do dimensionless coefficient function of the mean air concentration Cmean 
D' dimensionless air bubble diffusivity (defined by Chanson (1995b)) 
Di flow depth at the point of inception 
dab characteristic size of a entrained bubble 
d 1- flow depth measured normal to the channel slope at the edge of a step 
2- characteristic depth (m) defined as: dy)C1(
90Y
0
⋅−∫  
dc critical flow depth (m); for a rectangular channel: 3
2
w
c g
qd =  
do inflow depth (m) 
 
dj jet thickness (m) at the impact of the nappe with the receiving pool in 
nappe flow regime 
Fa bubble count rate (Hz): i.e., number of bubbles detected by the probe 
sensor per second 
Fmax maximum bubble count rate (Hz) 
f frequency (Hz) 
Notation 
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f Darcy friction factor for clear water flows 
fc characteristic frequency corresponding to the change of slope observed in 
a power spectrum 
fd equivalent Darcy friction factor estimate of the form drag 
fe equivalent Darcy friction factor for air-water flows 
ef  total average friction factor (for the whole chute) for air-water flows 
ef
~  transverse average of equivalent Darcy friction factor for air-water flows 
fi Darcy friction factor, neglecting air entrainment 
g gravity constant or acceleration of gravity; g = 9.80 m/s2 in Brisbane 
H total head (m) 
Hdam dam height (m) 
H(f) FFT of the voltage signal 
Hk discrete FFT of the N points sampled signal h(k) 
h(t) discrete sampled voltage signal (as a function of time) 
h(k) sequence of sampled voltage values for k = 0, 1, 2, 3,….N-1 
H1 upstream total head of the flow (m) 
H2 piezometric head of the flow (stagnation pressure measured by the Pitot-
tube) 
h height of steps (measured vertically in m)  
hw spillway wall height  
K inverse of the spreading rate of a turbulent shear layer 
K' dimensionless coefficient function of the mean air concentration Cmean 
K' integration constant 
K'’ integration constant 
K'’’ integration constant 
K* ...;0.32745015  )0.1 (tanh  *K -1 ==  
k sampled points in FFT analysis 
ks cavity depth or roughness height ks = h⋅cosθ (m) 
k’s surface (skin) roughness 
Lcav cavity length, or step cavity length measured between step edges (m) 
L length of the dam in m (from one abutment to the other)  
Lcrest length of the weir crest (m) 
Li length to the point of inception  
Lr geometric scaling ratio of prototype to model dimensions 
l horizontal length of steps  (measured perpendicular to the vertical direction 
in m) 
Notation 
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lm Prandtl’s mixing length 
M’  mean of ln(χ) 
N number of data points obtained in each signal, N = scanning time/scanning 
frequency 
abN  number of detected air-bubbles 
wdN  number of detected water droplets 
n exponent of the velocity power law  
Pw wetted perimeter (m) 
Pxx autospectral density function 
Q water discharge (m3/s) 
Qd design water discharge (m3/s) 
qw discharge per unit width based upon point gauge measurements (m2/s) 
( ) 3013cw zH3
2ggdq 

 −⋅==  
qmist water mass flux in the mist region 
44 344 21
wa
Yy
0y
wmist
q
dyV)C1(qq
90∫
=
=
⋅⋅−−=  
q’w flow rate per unit width based upon velocity distributions measured with a 
Pitot-tube. 
qwa flow discharge per unit width obtained from conductivity probe 
measurements ∫ ⋅−⋅= 90
Y
0
aw dy)C1(Vq  
R normalized cross-correlation coefficient  
Re Reynolds number Re = Uw·d/νw 
Rmax Maximum cross-correlation coefficient 
S’ standard deviation of ln(χ) 
Sf friction slope 
s curvilinear coordinate measured in the flow direction from the first step 
edge (m) 
S1 spectrum slope characteristic of the small frequency zone  
S2 spectrum slope characteristic of the high frequency zone 
t, t' sampling time of the signal (s) 
t bubble travel time data 
T bubble travel time (s) for which the cross-correlation function is maximum 
Tu     turbulence intensity defined as: 
V
'uTu =  
Notation 
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Tumax maximum turbulence intensity  
Tu’ characteristic turbulence intensity in air-water flows (Appendix I) 
U local velocity on the shear layer 
Uw equivalent clear-water flow velocity (m/s): d
qU ww =  
Uwa depth averaged velocities calculated upon velocity profiles measured at 
different locations with double- conductivity probes 
∫
∫
⋅⋅−
⋅⋅−
=
90
90
Y
0
Y
0
wa
dy)C1(
dyV)C1(
U  
U0 free stream velocity 
u' root mean square of longitudinal component of turbulent velocity (m/s) 
ur bubble rise velocity (m/s) 
(ur)Hyd bubble rise velocity (m/s) in a hydrostatic pressure gradient 
V  velocity (m/s) 
Va velocity of an air-phase 
Vb air-bubble velocity 
Vc  critical velocity (m/s); for a rectangular channel: 3 wc qgV ⋅=  
Vmax ideal fluid velocity )cosdH(g2V 1max θ⋅−⋅⋅=  
Vw velocity of a water phase 
V90  characteristic velocity (m/s) where the air concentration is 90% 
Vo  free-stream velocity (m/s) 
W  channel width (m) 
xi, yi voltage signal discrete data points 
x  1 - probe-tip distance to the upper step edge (m) 
 2 - distance in the direction of the flow in a shear layer 
X0 dimensionless longitudinal distances between step edges 
cav
0 L
xX =  
Xm finite Fourier transform 
y50 value of y corresponding to U/U0 = 0.5 in a shear layer 
Y60 characteristic depth where the air concentration is 60% (m) 
Y90 characteristic depth where the air concentration is 90% (m) 
Y99 characteristic depth where the air concentration is 99% (m) 
y 1- distance (m) from the pseudo-bottom (formed by the step edges)  
measured perpendicular to the spillway invert 
2- distance normal to the flow from the point where U = U0 in a shear layer 
Notation 
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z transverse distance 
z0 invert elevation 
Symbols 
∅a air-bubble diameter 
∅w water-droplet diameter 
∅ Pitot-tube diameter 
α1 angle of the superior shear layer boundary 
α2 angle of the inferior shear layer boundary 
α(C) correction factor C11)C(
a
w ⋅


 −λ
λ+=α  
β(C) correction factor 4)C21(b1)C( ⋅−⋅−=β  
χ  air-bubble or water-droplet chord length cha or chw 
∆L discrete length interval 
∆T time scale satisfying R(T+∆t) = Rmax/2 
∆t time scale satisfying R(∆t) = 0.5 
∆t sampling time interval (s) 
∆ta time between a water to air interface and the following air-water interface 
∆tw time between an air to water interface and the following water-air interface 
∆x distance between probes (m) 
δx characteristic sensor size (m) in the flow direction 
δBL boundary layer thickness (m) 
δ* displacement thickness (m) 
δM momentum thickness (m) 
φ growth rate of the boundary layer based upon Tollmien’s solution of the 
motion equation for turbulent free-shear layers,  φ = y/a1x 
φ1 upper boundary of the shear layer φ 
φ2 lower boundary of the shear layer φ 
γ water specific weight; 998.2 kg/m3 for water at 20o C 
λ 1 - dimensionless coefficient function of the mean air concentration Cmean. 
2 - length scale such that the probability of a discrete element of that size 
being air or water is independent of the surrounding segments 
max F4
V
⋅=λ  
κ constant function of the shape of the air and water structures, κ = 2 
λa air-particle size 
λc characteristic length scale λc = V/fc corresponding to the change of slope 
Notation 
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observed in a power spectrum 
λw water particle size 
µw water dynamic viscosity; 1x10-3 N.s/m2 for water at 20o C 
νw water kinematic viscosity; 1x10-6 m2/s for water at 20o C 
ντ momentum exchange coefficient 
π π = 3.141592653589…. 
θ  channel slope 
ρa  air density; 1.19kg/m3 for air at 1 atm and at 20o C 
ρw  water density; 998.2 kg/m3 for water at 20o C 
σ surface tension between air and water (N/m) 
τo boundary shear stress (Pa) 
τmax maximum shear stress in the shear layer 
ξ growth rate of the boundary layer based upon Goertler’s solution of the 
motion equation for turbulent free-shear layers ξ = K(y - y50)/x. 
Subscripts 
a air flow 
c critical flow conditions 
w water flow 
max maximum values 
mean mean values 
Abbreviations 
ARI average recurrence interval or return period 
CFRD concrete-faced rockfill dams  
HF hardfill dams  
PDF probability distribution function 
PMF probable maximum flood 
PSD power spectrum density 
RCC roller compacted concrete 
RCD roller compacted dam, concrete method 
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1 Introduction 
1.1 Historical development: From antiquity to the present 
Human societies depend upon fresh water to use in domestic chores, productive 
tasks, hygienic procedures and religious rituals. The emergence of great ancient 
civilizations has been linked to riverine or lacustrine systems and since this time, 
humankind has struggled over and against water; to calm its thirst or to control the 
catastrophic effects of floods and torrents converging on settlements.  
Dam building started around 3000 BC (Schnitter 1994) to impound water and release 
it into channels or aqueducts. The principle was to find a balance between the natural 
hydrological cycle and the water demand patterns of humankind. Since ancient times, 
natural catastrophes, such as floods have rampaged human settlements causing 
innumerable fatalities. As a result, flood control was always a key motivation for dam 
building around the world.  
Some ancient hydraulic structures are still revered for their advanced design and 
functionality in harmony with the environment (Figs. 1.1 and 1.3). Chutes and 
spillways were used to spill large floodwaters over water impounding hydraulic 
structures (dams, weirs) without side effects to the structure and the river margins. 
Spillway design has also changed through the centuries. The earliest civilizations did 
not use spillways. Dams discharged all excess flows simply by allowing flow over the 
crest, as most of them were small, masonry-made structures sturdy enough to 
prevent any damage. For embankment dams such a solution was not feasible 
because of the rapid erosion caused by overflowing waters. For taller masonry dams, 
the scouring of the downstream riverbed by the falling waters at the toe of the curtain 
could diminish dam stability. Therefore, ancient civilizations (e.g. Assyrians, Chinese 
and Moslems) built inclined downstream chutes to guide the overflowing waters back 
to the natural river course (Schnitter 1994). 
Some spillways were designed in a similar fashion as in natural cascades and placed 
at the downstream face of the dam (Chanson 2002b; Fig. 1.1 and Fig. 1.2). Other 
design methods were also used to handle floodwaters e.g., overflow spillways at one 
or both ends of a dam, collecting reservoir rims discharging in a side spillway, circular 
shafts and siphons (Schnitter 1994).  
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Figure 1.1 Arkananian stepped weir, the oldest stepped spillway of the world. 
(Greece BC 1,300; courtesy of Prof. Knauss). 
 
Figure 1.2 Barron River falls (Kuranda, North Queensland Australia; photograph by 
the author). 
 
Figure 1.3 Khajoun River weir (Persia AD 1650; courtesy of Dr. Zarrati). 
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In the first half of the twentieth century, the use of concrete became popular 
coinciding with the introduction of the hydraulic jump-stilling basin as an efficient 
energy dissipator after the works of Bakhmeteff, Kennison and Safranez (Hager 
1992). The use of steps or masonry at the downstream face of dams became 
obsolete and was quickly replaced with smooth chutes followed by hydraulic jump-
stilling basins. Flip buckets and ski jumps throwing overflowing waters into the air far 
downstream became popular also for high head dams (Fig. 1.4). Chute blocks, baffle 
piers and end sills were also added at end of stilling basins to enhance energy 
dissipation (Fig. 1.5). 
Concrete was used for the first time since the Romans for the construction of gravity 
dams in 1866 (Boyds corner dam, USA) leading to the development of large concrete 
dams around the world e.g., Hoover dam in the USA, Grande Dixence dam in 
Switzerland (Schnitter 1994). After reaching a period of high popularity, gravity dams 
became relatively expensive mainly because of the high labour required. 
In the early 1950s, machines started to replace human labour in dam building, 
especially for the spreading and vibrating of concrete. The application of Roller 
Compacted Concrete (RCC) to dam construction developed in the 1980s. This 
construction technique proved to be a more rapid and more economic dam building 
method. At the same time an alternative technique called Roller Compacted Dam 
(RCD) was developed in Japan, as steep river gradients, frequent and intense flash 
floods and high population along rivers imposed more severe restrictions on dam 
designs. The use of stepped chutes increased as dam spillways became popular, 
mainly because of the increasing rate of RCC gravity dam building. Stepped 
downstream faces are compatible with RCC slip forming and placing methods (e.g. 
layer by layer). Hence, downstream batter uniforming is not needed. For example this 
can be observed in Figure 1.6 where concrete is being placed along the curtain by 
using a conveyor system and compacted with vibratory rollers. Additionally, the 
increased amount of entrained air within the flow occurring in a stepped spillway, 
(phenomenon commonly called ‘white waters’), might contribute to enhance the 
energy dissipation properties of stepped spillways. This phenomenon contributed to 
renewed interest in stepped spillways within the engineering community.  
Further interest in stepped spillways is also associated with the development of new 
construction techniques. For example, PVC coated or steel meshed rip-rap gabions, 
sheet-piles, reinforced earth and pre-cast concrete block protection systems for 
embankments (Figs. 1.7 and 1.8).  
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Figure 1.4 Itaipu dam spillway (Brazil/Paraguay), H = 196 m, Parana river (1982, θ = 
10o, W = 345 m, Qd = 61,400 m3/s. Flip bucket (courtesy of Itaipu Binacional). 
 
Figure 1.5 Ross river dam spillway (Townsville, North Queensland, Australia, 1974), 
W = 39 m, Qd = 230 m3/s. Smooth spillway followed by plunge pool with baffle blocks 
at the chute toe (photograph by the author). 
Chapter 1 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               5 
 
Figure 1.6 Paradise/Burnett Dam under construction, (Biggenden, Queensland, 
Australia; H = 37 m, L = 900 m; courtesy of Mr. Graeme Newton, Burnett Water Pty 
Ltd) 
 
Figure 1.7 Gabion stepped weirs built along an artificial storm watercourse. (Robina, 
Queensland, Australia; photograph by the author). 
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Today, stepped dam downstream faces are a popular method of handling flood 
releases over new gravity dams because the steps increase the rate of energy 
dissipation taking place along the spillway face, and reduce the size and cost of 
downstream stilling basins and flip buckets.  
Further, new developments include weirs for river training where the stepped profile 
contributes to energy dissipation and re-oxygenation of waters with low dissolved 
oxygen contents (e.g. Murgon and Chinchilla weirs). In Australia, most training weirs 
comprise a downstream stepped face formed by different materials (timber cribs, 
steel sheets, concrete hollow boxes; Fig. 1.8).  
Stepped chutes are also utilized in water treatment plants to re-oxygenate polluted 
waters. Near Chicago (USA) five artificial cascades were designed along the Calumet 
waterway system to contribute to re-oxygenation and removal of volatile organic 
compounds, such as chlorine and methane from the polluted channel. The waterfalls 
are landscaped as leisure parks combining flow aeration and aesthetics (Toombes 
2002). A re-aeration cascade was also added downstream of the Petit-Saut dam in 
French Guyana after the turbined waters were found to have unacceptably high 
methane content (Gosse and Grégoire 1997).  
 
Figure 1.8 Timber crib stepped weir (H = 5.1 m) on the Barambah Creek. Murgon, 
Qld., Australia, 1953 (courtesy of Dr. Chanson). 
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Soviet engineers first developed the concept of overflow embankment spillways. 
These consist of a stepped chute placed on the downstream face of an embankment 
in order to protect it and/or form a new emergency secondary spillway. The 
advantages of this technique lie in the rapid placement of RCC, low cost of the works 
and the possibility of construction without any impact on reservoir operation. The 
usual heights of these dams are up to 15 m; downstream batters are between 2H: 1V 
and 4H: 1V and no formwork is used for the RCC in general. The high degree of 
efficiency of this concept usually allows the use of such channels as primary 
spillways in new dams. Figure 1.9 illustrates Melton dam, an earth fill structure 
completed in 1916. The dam was heightened twice because of rapid reservoir 
siltation. During the last refurbishment in 1994, an overflow-stepped spillway was 
added as secondary spillway, the primary spillway is in the background. 
 
Figure 1.9 Melton dam stepped spillway (Vic, Australia 1916;Qd = m3/s, courtesy of 
Dr. Chanson). 
Roller Compacted Concrete (RCC) is also used to provide overtopping protection on 
the downstream slope of concrete-faced rockfill dams (CFRD). Xingo Dam, a 140 m  
high Brazilian CFRD completed in 1994, was the pioneer of this concept (Hansen 
and Reinhardt 1991). Hardfill dams (HF) a variation of the CFRD, have also become 
very popular, with four dams been built within the last decade (Marathia and Ano 
Mera dams in Greece, Monción dam in the Dominican Republic and Oyuk dam in 
Turkey).  
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Storm road gutters, another stepped chute application, are commonly used to 
dissipate energy in steep hill storm waterways in Asia, Europe and Australia. Figure 
1.10 illustrates one of several steep gutters commonly found in Australia. 
  
Figure 1.10 Stepped gutter along the (Western freeway, Brisbane; courtesy of Dr. 
Chanson). 
Additional applications of stepped chutes include debris check dams or Sabo dams, 
which were developed in Japan. In Japanese, the translation of Sabo (sa-bo) is ‘sand 
protection’. Generally the term ‘Sabo works’ refers to mountain protection systems. 
Early Sabo works were undertaken during the 17th and 18th centuries (Chanson 
2002b). These dams reduce the risk of riverbed erosion and sediment transport, and 
prevent river degradation further downstream. Recently the emphasis of Sabo works 
shifted to the control of debris flows.  
Figure 1.11 presents a Sabo stepped waterway preceded by a concrete check dam 
in the middle of camping grounds in the Hiakari-gawa catchment, Toyota, Aichi 
prefecture. Stepped cascades are also used as fish ways or fish ladders, which allow 
migration of fish past water storages (weirs or dams), facilitating spawning and other 
lifecycle needs (Fig. 1.12). Other applications of stepped cascades include artificially 
created stepped cascades and fountains that have been used since antiquity (Fig. 
1.13). The following section summarizes previous studies and basic terminology 
developed over the years to study flows over stepped spillways. 
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Figure 1.11 Sabo stepped work (Hiakari-gawa catchment, Toyota, Aichi prefecture, 
Japan ; courtesy of Dr. Chanson). 
 
Figure 1.12 Sabo dam with Fish ladder (Odagawa River, Nagasaki prefecture, Japan 
; photograph by the author). 
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Figure 1.13 Water staircases of Touvet Castle (Isère, France, 1770; courtesy of Mr F. 
Botton) 
1.2 Literature review 
1.2.1 Description of basic terms 
A stepped chute is an artificial sloped open channel with a step-formed invert. The 
steps can be horizontal, inclined upwards or downwards or even pooled (Fig. 1.14). 
For horizontal steps, the slope may be calculated as:  
l
htan 1−=θ                                                                                                                  1.1 
a) horizontal steps
c) inclined steps
(downwards)
d) pooled steps
b) inclined steps 
(upwards)
h
l
h
h
l
l
h
l
flow flow
flowflow
step angle α
step angle α
θ
θ
θ
θ
 
Figure 1.14 Examples of stepped chutes with different geometries                                 
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High levels of turbulence and air entrainment characterise flows cascading down a 
stepped chute. The entrained air bubbles give the air-water flow a white appearance, 
commonly known as ‘white-waters’. In studying highly turbulent self-aerated flows, it 
is necessary to characterize their properties appropriately taking into account 
entrained air. Chanson (1992) indicated that, for highly aerated flows, measurements 
of air concentration and velocity, performed with intrusive probes, should be 
conducted from 0 to Y90, where Y90 is the depth where local air concentration is 0.9 
(Fig. 1.15) to satisfy the continuity equation for water. In this investigation ‘air 
concentration’,(C) also called ‘void fraction’ is defined as the volume of air per unit 
volume of air and liquid. The depth averaged air concentration Cmean is defined as: 
∫ ⋅= 90
Y
0
mean dyCC                                                                                                          1.2 
where y is measured normal to the pseudo-bottom formed by the step edges and Y90 
is the depth corresponding to C = 0.9. Equivalent clear water depths, d, are defined 
as: 
90
Y
0
mean Y)C1(dy)C1(d
90
⋅−=⋅−= ∫                                                                              1.3 
The mean flow velocity is calculated as: 
d
qU ww =                                                                                                                     1.4 
where qw is the water discharge per unit width and d is the equivalent clear water 
depth (Eq. 1.3). 
0.9
y
C
V
F
θ
Y90 V90
 
Figure 1.15 Definition sketch of air-water flow properties  
Chapter 1 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               12 
1.2.2 Flow structure 
In highly aerated flows, the air-water mixture has a very complex structure and it is 
difficult to describe it as either water droplets or air bubbles, because air bubbles, 
completely surrounded by liquid, are only likely to occur in low air concentration 
regions (C < 30%).  Similarly, water droplets fully surrounded by air may occur only 
within spray regions (C > 90%). Intrusive conductivity probes can only detect air-
water interfaces along the streamline where they are placed, they cannot differentiate 
among air bubbles, free surface water oscillations or any other air-water flow 
structures. Figure 1.16 shows a typical situation where a spatially fixed conductivity 
probe measures an air-water mixture flowing past the probe tip. The probe measures 
the time between air-water interfaces as the probe tip detects them, such time is 
translated as the length of air bubbles or water droplets, defined as cha and chw 
respectively.  
The probe cannot determine if the successive air-water interfaces are caused by 
other bubbles or droplets, free-surface oscillations, or even belong to the same air 
bubble or water droplet. 
4
7
6
chw
chw
cha chw cha cha chw cha chw
5
 
Figure 1.16 Air-water bubble or droplet interfaces 
In this study an ‘air bubble’ is defined as a one-dimensional (lengthwise) entity of air 
bounded by two air-water interfaces.  The chord length of an air bubble, cha, is 
defined as the length of an air entity along a streamline between a water to air 
interface and the following air to water interface (Fig. 1.16). Similarly, a ‘water droplet’ 
describes an entity of water bounded by two water-air interfaces, its chord length, 
chw, is the distance between an air to water interface and the following water to air 
interface.  
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1.2.3 Flow regimes 
Flow over a stepped cascade can be divided into three separate flow regimes: 
Nappe, Skimming and Transition Flow depending upon the flow rate for a given 
steeped chute geometry (Fig. 1.17). Each regime displays significantly different flow 
characteristics.  
1.2.3.1 Nappe flow 
For smaller discharges, water cascades down the chute as a succession of free-
falling nappes impacting from one step to another, sometimes followed by a hydraulic 
jump. (Nappe flow is not investigated in this study.) Authoritative reviews can be 
found in Horner (1969), Peyras et al. (1992), Chamani and Rajaratnam (1994), 
Chanson (1996), Toombes and Chanson (2000) and Toombes (2002). 
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Figure 1.17 Flow regimes on a stepped chute 
1.2.3.2 Transition flow 
For intermediate discharges, transition flows can be observed. Strong hydrodynamic 
fluctuations, splashing and spray near the free surface are the main features of this 
flow regime. Different sized air cavities can also be noticed at several locations 
downstream from the inception point.  
Elviro and Mateos (1995) and Ohtsu and Yasuda (1997) were the first to introduce 
the concept of a ‘transition flow’ regime, although they did not investigate its 
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characteristics, and to date transition flow properties cannot be predicted accurately 
as very little information is available.  
Transition flows do not exhibit the quasi-smooth ‘free-surface’ appearance of 
skimming flow or the succession of nappes cascading down the spillway. Transition 
flows have a chaotic appearance with numerous droplet ejections seen to reach 
heights of up to 3 to 8 times the step height (Chanson and Toombes 2004). 
For flat chutes (θ = 3.4o) the upstream flow near the inlet is similar to nappe flow. At 
the first drop the nappe is deflected, and subsequently the downstream flow 
becomes chaotic (Toombes 2002). On steeper slopes (θ = 16o and 22o) the upstream 
flow is smooth and transparent, similarly to skimming flow. In the upper part of the 
spillway the free surface is undular and seems to be in phase with, and of same 
wavelength as, the stepped geometry. Numerous droplet ejections are seen to reach 
heights of up to 3 to 8 times the step height. The flow accelerates in the downstream 
direction until a deflected nappe develops. Cavities upstream from the inception point 
show some incipient aeration.  
Chanson and Toombes (2004) noted that the inception of free-surface aeration takes 
place at this first deflected nappe although some bubbles are trapped in cavities 
immediately upstream of the nappe take-off. Downstream of the inception point 
significant splash with droplets jumping out of the flume (up to 1.5 m, for a step height 
h = 0.1 m) and strong mist were observed. At the lowest flow rates differently sized 
air cavities were observed underneath the flow, in a similar manner as nappe flow. A 
large air cavity could be observed followed by a smaller one at the next step and then 
a larger one and so on (Fig. 1.17 and Fig. 1.18). 
Further downstream, the air-water flow becomes gradually varied and its properties 
present few variations. On flat chutes operating with transition flows, an air cavity and 
a pool of recirculating water-vortices were observed underneath the impacting nappe, 
downstream from the collision point significant spray and water splash was observed 
(Fig. 1.18). 
On steep chutes spray and splash downstream of the impact point have a lesser 
effect because the step length is shorter. It must be noted that few studies 
investigated the transition flow regime, and that current knowledge is limited.  
1.2.3.2.1 Air entrainment in Transition flow 
The flow characteristics of transition flow suggest different flow behaviours based 
upon the slope of chutes. Visually the flow appears very chaotic, with droplet 
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ejections and substantial spray downstream of the nappe-impacting point. Air 
concentration distribution estimations are detailed in Chapter 3 and Appendix E. 
 
Figure 1.18 Transition flow at University of Queensland stepped chute (dc/h = 1.3, h = 
0.1 m, θ = 15.94o) 
1.2.3.3 Skimming flow 
For large discharges, the flow skims over the pseudo-bottom formed by the step 
edges as a coherent stream. Intense recirculation cavities can be observed between 
the step edges beneath the pseudo-bottom (Chamani and Rajaratnam 1999a; 
Rajaratnam 1990). The vortices are maintained by the transmission of shear stress 
from the mainstream and contribute significantly to the skimming stream energy 
dissipation. The analysis of skimming flows presented in this study only applies to 
steady flows cascading down rectangular prismatic channels with flat horizontal 
steps. Chanson (1997a) proposed three sub regimes for skimming flow regime, 
based on its vortices behaviour (Fig. 1.19):  
SK1 - Wake-step interference sub regime. For flat chute slopes (θ < 12o) a wake 
region forms downstream of the step edge. The wake does not extend over the full 
step length. The flow patterns within the wake are unstable and three-dimensional in 
nature, downstream of the wake, skin friction drag occurs on the step. 
• SK2 - Wake-wake interference sub regime. For higher slopes (12o < θ < 25o) the 
wake region extends nearly over the full length of the step and interferes with the 
wake of the subsequent step. Hence skin friction drag on the step is small. 
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• SK3 – Re-circulating cavity flow sub regime. For slopes (θ > 25o, h/l > 0.5) a 
quasi-stable re-circulation may be observed in the step corners. Such re-circulating 
eddies are predominantly large-scale vortices.  
wake-wake interference
sk2 regime for moderate 
slopes re-circulating cavity
sk3 regime for steep slopes
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Figure 1.19 Flow regimes observed in stepped chutes 
In the present study with a 1 m wide channel and 0.1 m high steps, experimental 
observations highlighted the three-dimensional nature of the recirculating eddies. 
Three to four cavity span wise re-circulation cells were observed across the channel 
width. The finding was consistent with similar observations by Drs. Matos and 
Yasuda (pers. comm.) on steeper slopes. Such vortices are related to longitudinal 
(stream wise) coherent structures in the mainstream flow. 
1.2.3.3.1 Developing flow region and inception of air entrainment 
Skimming flows exhibit an appearance similar to self-aerated flows down a smooth 
chute invert (Fig. 1.20). The upstream end has a smooth and transparent look 
characteristic of clear-water flow. However next to the upstream chute inlet a 
boundary layer develops.  When the outer edge of the boundary layer reaches the 
free surface, the turbulence induces natural aeration. This point is called the point of 
inception of air entrainment.  
In the developing boundary layer region, the velocity distribution follows closely a 
power law given by: 
1y0fory
V
v n
1
BLmax
<δ<



δ=                                                                                   1.5 
where δBL is the boundary layer thickness, y is the distance normal to the pseudo-
bottom and Vmax is the ideal fluid velocity, deduced from the Bernoulli equation as: 
)cosdH(g2V 1max θ−⋅=                                           
where H1 is the upstream total head, θ is the channel slope and d the flow depth. 
Chapter 1 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               17 
Chanson (1996) reanalysed the flow properties for a wide range of model data (Beitz 
and Lawless 1992; Bindo et al. 1993; Frizzell and Mefford 1991; Sorensen 1985; 
Tozzi 1992) to predict the growth of the boundary layer and to locate the point of 
inception.  
The best data fit is given by: 
713.00796.0I )F()(sin719.9
cosh
L ∗⋅θ⋅=θ                                                                           1.6 
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where LI and dI are the length to, and depth at, the point of inception, θ is the channel 
slope, ks = h·cosθ is the roughness height measured perpendicular to the flow 
direction and the Froude number defined in terms of the roughness height calculated 
as: 
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By combining equations 1.6 and 1.7, it yields: 
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Figure 1.20 Scheme of the flow regions in skimming flows for steep slopes. Detail of 
skimming flow on Polytechnic University of Catalonia’s experimental facility (θ = 
53.1o; photograph by the author).             
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1.2.3.3.2 Rapidly varied flow region downstream from the inception point. 
Experimental observations highlighted a flow region next to and immediately 
downstream of the point of inception where the flow properties change very rapidly 
(Chamani and Rajaratnam 1999a; Chamani and Rajaratnam 1999b). The main 
features of this region are high amounts of air entrapment in the free- surface vicinity 
and a high rate of splashing and flow bulking. Ohtsu and Yasuda (1997) showed that 
turbulent velocity fluctuations immediately upstream of the inception point were large. 
That is, large enough to overcome both surface tension and air-bubble buoyancy, 
and to initiate air entrainment. They also found that air concentration data measured 
past this point have significantly higher values than data recorded further upstream  
of the inception point.  
1.2.3.3.3 Fully developed flow region and energy dissipation.  
Downstream of the inception point, the flow is fully developed and rapid aeration is 
observed. Further downstream the flow reaches equilibrium and its properties (air 
concentration and velocity) do not vary with the longitudinal distance. For uniform 
equilibrium flow in a wide channel, the boundary friction balances the gravity force 
component in the flow direction. At equilibrium, the flow depth and velocity may be 
determined from the momentum principle:  
e
w f
sindg8U θ⋅⋅⋅=                                                                                                  1.10 
where Uw is the flow velocity, fe is the Darcy friction factor, θ is the channel slope and 
d the normal depth. In combination with the continuity equation per unit 
width dUq ww ⋅= , it yields:  
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where fe is the air-water flow equivalent Darcy friction factor, d is clear-water flow 
depth, Uw is the uniform velocity of the flow and Vc the critical flow velocity. The 
friction factor is a function of the surface (skin) roughness ks’, step height roughness 
ks, channel slope θ, Reynolds number and the amount of air entrained. Previous 
studies have shown different trends for flat and steep chutes.  
Chapter 1 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               19 
For flat chutes (θ < 20o) discrepancies between model and prototype data were 
found. Chanson et al. (2002) reanalysed large size model data (h > 0.02 m, Re > 
1x105) from several studies published after 1997. Their results yielded flow 
resistance correlations for models and prototypes. 

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For steep chutes, the friction factor data presented no obvious correlation, but were 
distributed around: fe = 0.17 to 0.30. Analysis of the data of Chamani and Rajaratnam 
(1999a), Ohtsu et al. (2000) and Matos (2000b) by Chanson (2002b) suggested that 
the stepped chute friction factor decreases with increasing air content Cmean and that 
a drag reduction may be estimated as: 
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where f is the clear water equivalent Darcy friction factor. 
It should be noted that Equation 1.15 provides a result derived for fully developed, 
gradually varied and uniform equilibrium flows. 
1.2.3.3.4 Air entrainment in skimming flow  
The flow characteristics of skimming flow are similar to those observed on a smooth 
chute. Upstream of the inception point there is negligible aeration, downstream, a 
layer containing an air-water mixture forms, increasing in thickness with distance 
from the point of inception. Eventually, the flow becomes uniform, with air 
concentration and velocity distribution stable along the channel. Air concentration 
distribution, velocity profiles and air-water interface areas at several positions on the 
spillway can be estimated using information detailed in Chapter 3. 
1.3 Objectives 
In today’s society, hydraulic structures must provide safe, economical and 
environmentally friendly solutions to deal with the water challenges. Despite the 
evolution of dam and spillway technology there is still potential for further 
development with increasing world population and the associated water demand.  
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Lately, the cost advantage of embankment and rockfill dams over concrete has led to 
the common use of small embankment dams with moderately sloped faces. 
However, while embankment dams are cheaper than concrete dams, they are more 
prone to failure caused by overtopping and internal erosion of the fill material.  
Such vulnerability has led to the introduction of Roller Compacted Concrete (RCC) 
and other new, cheap construction materials and methods that would combine the 
safety advantages of concrete and the efficiencies of embankment dam construction.  
The compatibility of stepped spillway invert with RCC slip forming and placing 
methods, together with the energy dissipation performances of stepped chutes, 
furthered the interest in stepped spillways within the engineering community. During 
the last three decades, research in the hydraulics of stepped spillways has been very 
active. But few studies have focused on air-water flow characteristics in chutes with 
moderate slopes, and the hydraulic performance of stepped cascades with slopes 
typical of embankment dams are not yet understood.  
Furthermore, most prototypes were designed based upon guidelines derived from 
small-size physical model studies that were subjected to scale effects and led 
sometimes to contradictory results. 
The flow on a stepped cascade is highly turbulent, associated with considerable air 
entrainment and three-dimensional recirculating vortices. No reliable analytical model 
is available to predict the flow properties and thus an analysis of these properties 
must be conducted through experimental investigations. 
It is the objective of this study to carry out an extensive experimental investigation of 
the flow properties down stepped chutes with slopes typical of embankment dams. 
Systematic measurements were conducted for a wide range of flow rates 
corresponding to two flow regimes (transition and skimming) to gain a thorough 
understanding of the turbulent air-water flow processes. In particular, the study aims 
to relate these processes (e.g. momentum exchange and turbulence production) to 
the energy dissipation performances of stepped chutes. This led to an extensive, 
reliable database for engineers to enhance design criteria and to trigger several new 
applications. Two models with different slopes (θ = 16o and θ = 22o) and two step 
sizes (h = 0.1 m and h = 0.05 m) were investigated in this study yielding a detailed 
analysis of the flow properties of moderate slope stepped chutes. The study presents 
a unique and innovative systematic experimental investigation of the stepped chutes 
performance. 
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1.4 Outline 
Table 1.1 Outline of the work presented in each chapter 
Chapter Contents 
1 Introduction  
Historical overview of stepped cascades and their applications, 
literature review regarding basic terms, flow regimes and stepped 
chute properties, set up of objectives and thesis outline. 
2 Experimental Set-up and Instrumentation 
Details of experimental set-up and measurement instrumentation, data 
analysis methodology and statement of the measurement techniques 
accuracy. 
3 Flow Properties in Moderate Slope Chutes comprising 
Horizontal Steps 
Observation, classification and investigation of the flow properties on 
stepped channels with flat horizontal steps operating with skimming 
and transition flow regimes.  
4 Physical Modelling and Scale Effects of Stepped Spillways 
with Moderate Slopes  
Analysis of turbulent shear flow. Comparison with basic theories. 
Comparison of air-water flow properties and flow resistance obtained 
for two channel slopes (θ = 15.9 & 21.8o) and observed scale effects 
for two step sizes (h = 0.1 & 0.05 m).  
5 Energy Dissipation Enhancement and Turbulence 
Manipulation  
Identification and analysis of three-dimensional flow patterns, including 
spanwise vortices in recirculation cavities. Analysis of the effects 
caused by the placement of five different arrangements of vanes 
(longitudinal ribs) to modify the flow turbulence. 
6 Microscopic-Scale Flow Structure 
Analysis at microscopic scales of the air-water flow. Air bubble and 
water droplet distributions. Clustering and spectral analyses.  
7 Conclusion and Summary 
Summary of the achieved goals and suggestions for future work. 
8 Appendices 
Experimental Set-up and Instrumentation 
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2 Experimental Set-up and Instrumentation 
Up to date no analytical model is yet able to accurately predict the properties of the 
highly turbulent air-water flow occurring on a stepped cascade. Experimental 
investigations are thus needed to understand the turbulent air-water flow processes. 
An extensive experimental investigation of the flow properties down stepped chutes 
with slopes typical of embankment dams was conducted in this study to obtain a 
reliable experimental database to further the actual understanding of such turbulent 
aerated flows and as a consequence improve the design criteria of stepped chutes 
with moderate slopes (see Appendix H).  
2.1 Experimental Setup 
This study involved large, near full-scale physical modelling of the flow down a 
stepped cascade based upon a Froude similitude. The experiments were conducted 
with moderate slopes similar to those of embankment dams. They included detailed 
investigations of the air-water flow characteristics using conductivity probes. 
Measurements were conducted in two large stepped spillway models with flat 
horizontal steps (Table 2.1).  
Table 2.1 Experimental stepped chute models 
 Length Width Slope (θ) Number Step height Step length 
Channel (m) (m) degrees (o) of steps (m) (m) 
1       
Config. 1 3.15 1 15.94 9 0.1 0.35 
Config. 2 3.15 1 15.94 18 0.05 0.175 
2       
Config. 1 2.5 1 21.8 10 0.1 0.25 
The size of the models (h = 0.1 m and 0.05 m, W = 1 m) corresponded to a geometric 
scaling ratio of prototype to model dimensions, of about Lr = 3 to 6 for an ideal 
prototype step height of h = 0.3 m, that is a common geometry for RCC and overflow 
embankment dams. The large size of the facilities ensured the extrapolation of the 
model results to prototype without significant scale effects. Boes (2000), Chanson et 
al. (2000; 2002), Gonzalez and Chanson (2004c) and Wood (1991) specifically 
discussed scale effects in air-water flows and stepped chute flows, and emphasized 
the need for large-size laboratory models. 
Experiments were performed at the hydraulics laboratory of the University of 
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Queensland in a flume equipped with a recirculating supply basin (1.5 m deep, 
surface area 6.8 m x 4.8 m). The basin was connected to the chute via a convergent 
wall with a 4.8:1 contraction ratio (Fig. 2.1 and 2.2). The test section was a broad 
crested weir (1 m width, 0.617 m length, with an upstream rounded corner) followed 
by a stepped canal and a horizontal stilling basin ending into a pump sump. The 
pump controlling the flow rate supplied a water discharge up to 0.35 m3/s. A 
Toshiba electronic transistor inverter model Tosvert VF-A5P controlled the pump 
operation, ensuring a fine control of the flow rate and steady discharge during the 
experiments. 
test section
contraction
flow straighteners
net pump
pump 
sump
Tank
test section
Point gauges
 
Figure 2.1 Experimental set up sketch (not drawn to scale) 
 
a) Panoramic view of the intake structure and contraction  
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b) Detail of flow on channel 1 (h = 0.1 m) qw = 0.13 m2/s 
Figure 2.2 Experimental facility at The University of Queensland (θ = 15.9o) 
Two vertical point gauges were employed during the experiments to measure clear 
water depths along the centreline of the inflow channel and broadcrest, and in turn 
the water discharge. A Pitot-Prandtl tube (∅  = 3 mm) was used to validate the flow 
rate measurements (see Appendix B). The weir was long enough to ensure that 
critical flow conditions occurred at the crest for all measured flow rates (Section 
3.2.1). Two stepped chutes were utilised as test sections during the experiment 
(Table 2.1). The first channel was a 3.15 m long, 1 m wide stepped chute with a 16o 
slope. Two different step sizes were used: h = 0.1 and 0.05 m. The second chute 
was a 2.5 m long, 1 m wide chute with a 21.8o slope and 0.1 m step height. In the 
second channel, the steps were equipped with vanes (longitudinal thin ribs) placed 
throughout the span of the spillway in different arrangements (Table 2.2; Fig. 2.3) to 
investigate their influence on the flow and to induce some turbulence manipulation. 
The vanes were made of aluminium (1.6 mm thick), although a few were made in 
perspex (6 mm thick) for flow visualization next to the sidewall. For some 
configurations, the vanes were aligned, for others the vanes were placed in a zigzag 
pattern. For two configurations (6 & 7), vanes were installed every two steps only 
(Table 2.2).  
Longitudinal ribs (vanes) are believed to enhance energy dissipation by interfering 
with spanwise recirculating vortices observed in transition and skimming flows 
(Gonzalez and Chanson 2004a). 
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Figure 2.3 Sketch of turbulence manipulators (vanes) inserted between step cavities 
Table 2.2 Tested vane arrangements 
Config. Slope (θο) qw (m3/s/m) 
h 
(m) Re Remarks 
(1) (2) (3) (4) (5) (6) 
 21.8 0.10 to 0.22 0.1 4x105to 8.7x105 L = 3.3 m, W = 1 m, Uncontrolled broad crest. 
1 b = W = 1 m (no vane). 
2 b = W/4 = 0.25 m (3 vanes in line) 
3 b = W/4 = 0.25 m (3 vanes in zigzag) 
4 b = W/8 = 0.125 m (7 vanes in line) 
5 b = W/8 = 0.125 m (7 vanes in zigzag) 
6 b = W/8 = 0.125 m (7 vanes every two steps in line) 
7 b = W/8 = 0.125 m (7 vanes every two steps in zigzag) 
2.2 Instrumentation 
The instrumentation utilised to collect the data included: some point gauges, a single 
tip conductivity probe, a double-tip conductivity probe and a Pitot-Prandtl tube. Clear 
water depths and flow rates were measured with the point gauges, and clear water 
with the Pitot-Prandtl tube. Air water properties were measured using single and 
double-tip conductivity probes. 
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2.2.1 Point gauges 
Two vertical point gauges were used during the experiments. One (at 0.66 m 
upstream the edge of the weir) measured the total head upstream of the crest.  
The second measured critical clear water depths. Water discharge was then 
calculated using: 
( ) 3013cw zH3
2gdgq 

 −⋅=⋅=                                                                                 2.1 
where qw is the flow discharge per unit in m2/s, g the acceleration of the gravity force 
and dc the measured critical depth in m (Fig. 2.4).  
The point gauges consisted of a brass rod vertically mounted in a vernier scale. The 
gauge readings were taken when the tip of the gauge was 50% of the time in water. 
Although the vernier scale accuracy of the gauges in the direction normal to the flow 
was ∆y = 0.1 mm, two corner eddies existed near the side walls just upstream of the 
weir, and they caused a small periodical oscillation of the water levels above the weir. 
In turn, this reduced the accuracy of the instrument to ∆y < 1 mm.  
a) Point gauges location (view from downstream) 
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b) Sketch of point gauges location (section) 
Figure 2.4 Point gauges location at and upstream of the broad-crested weir 
2.2.2 Pitot-Prandtl Tube 
A stainless steel Pitot-Prandtl tube (φ = 3.3 mm) was used to measure the stagnation 
pressure (Total Head) and the piezometric head of the flow, denoted H1 and H2 
respectively in Figure 2.5. The velocity of the flow was calculated as: 
)HH(g2V 21 −⋅⋅=                                                                                                    2.2 
where g is the acceleration of the gravity force (9.80 m/s2 in Brisbane, Australia). The 
velocity distributions were then integrated to compute the flow rate on the weir crest 
centerline: 
∫ ⋅= c
d
0
w dyV'q                                                                                                               2.3 
where V is the local velocity measured with the Pitot tube (Eq. 2.2). 
20 m m
∅ = 3.3m m
s/s tube
∅ = 1.4 m m
H 1 H 2
d c
 
Figure 2.5 Sketch of Pitot-Prandtl tube measurements (not drawn to scale) 
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2.2.3 Conductivity probes 
The presence of air bubbles in turbulent air-water flows affects measurements 
conducted with classical devices (e.g. Pitot tube, LDA, PIV) leading to inaccurate 
measurements. In highly aerated flow, it is recognised that the phase-detection 
intrusive probes are the most accurate methodology (Chanson and Toombes 1997; 
Crowe et al. 1998). In this study, conductivity probes were used. The principle behind 
such probes is the difference in conductivity between air and water (i.e. the 
conductivity of water is 1000 times larger than that of air). Intrusive needle-tipped 
probes, also known as conductivity probes, operate by detecting the difference in 
electrical conductivity between air and water. A small current circulates between a 
pair of concentric electrodes mounted in the probe tip when the tip is in water, 
stopping when the tip is in air. Phase-detection intrusive probes have been used for 
more than four decades. Since Bankoff developed the needle probe, the designs 
have been refined. Brattberg et al. (1998), Chanson (1996), Cummings (1996), Liu 
and Bankoff (1993), Serizawa et al. (1975) and Toombes (2002) successfully 
conducted experiments using conductivity probes to measure air-water flows. 
Nowadays, despite the interest in optical fibre probes (Chang and Lim 2003; Hong et 
al. 2004), resistivity probe systems are still commonly used. There are two types of 
design: single and double tip probes.  
2.2.3.1 Single tip conductivity probe 
A single-tip conductivity probe (Figs. 2.6 and 2.7), developed at the Hydraulics 
laboratory of the University of Queensland was used to measure basic air-water flow 
properties (e.g. air concentration, bubble count rate and bubble chord time). The 
external electrode was a stainless steel tube with an outer diameter of 1.42 mm. The 
inner electrode was made of platinum wire (Pt), with a diameter of 0.35 mm. The 
single-tip probe was capable of detecting bubbles larger than 0.35 mm in diameter. It 
is well suited to prototype and large scale model testing where smaller probes might 
be damaged. Chanson (1997a), Brattberg et al. (1998) and Chanson (2002b), 
extensively documented the use of such a probe. Single-tip conductivity probe data 
analysis is presented in Section 2.3.1. 
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Figure 2.6 Single-tip conductivity probe. Top view scheme 
The translation of the probe in the direction normal to the flow was controlled with a 
screw-drive mechanism fitted with a Mitutoyo™ digimatic scale. The error in the 
translation of the probe in the direction normal to the flow was ∆z < 0.1 mm.  The 
probe was mounted within a travelling trolley, its displacement accuracy was ∆x < 10 
mm and ∆y < 1 mm in the longitudinal and transverse direction respectively.  
 
Figure 2.7 Single-tip conductivity probe 
2.2.3.2 Double tip conductivity probe 
The second type of probe developed at the University of Queensland was a double-
tip conductivity probe. It consisted of two tips (one leading and one trailing), which 
were aligned in the flow direction and recorded the number of bubbles striking both 
tips (leading and trailing) sequentially. The two resulting voltage signals allowed 
measurement of the basic air-water flow properties (e.g. air concentration, bubble 
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count rate and bubble chord time) and the air-water flow velocity and turbulence 
intensity. Velocity measurements were based upon the time delay for bubbles to 
strike the leading and trailing tips. (see also Cummings 1996 , Toombes 2002) This 
time delay is the average time for the bubble interfaces to travel the distance 
between the two tips. Since this distance is known, the time delay may be converted 
into a mean air-water interface velocity. Additionally, turbulence intensity may be 
deduced from the velocity values (Section 2.3.2.3).  
Both probe sensors were identical. Each tip had a stainless steel electrode with 
external and internal diameters of ∅ = 0.2 and ∅ = 0.125 mm respectively and an 
inner platinum sensor of 0.025 mm diameter with a 5 µm polyester insulation. The 
space between the platinum and polyester was filled with insulating glue, Araldite K 
3600 (Fig. 2.8). The probe was excited by an air bubble detector electronic system 
(see section 2.2.4) and the probe output signal was scanned with a high-speed data 
acquisition system.  
 
 
 
 
 
 
 
Figure 2.8 Double-tip conductivity probe (University of Queensland 2001; top view). 
The probe movement in the flow direction was conducted with a trolley system 
designed specifically for this purpose (Fig. 2.9). The translation of the probe in the 
direction normal to the flow was performed with a Mitutoyo digital ruler mounted on 
a fine adjustment screw-drive mechanism. The accuracy on the transverse and 
longitudinal position of the probe were both less than 1 mm. Measurements 
conducted at different longitudinal and transverse positions provided a complete 
three dimensional characterisation of the flow. Flow visualisations with a digital video 
camera (speed 25 fr/s, shutter 1/4 to 1/6000 s) were also conducted. The analysis of 
the data obtained with the double-tip conductivity probe is presented in Section 2.3.2. 
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Figure 2.9 Double-tip conductivity probe travelling trolley (view from the right bank). 
2.2.4 Air bubble detector 
An electronic system designed by the NZIIRD1, called ‘air bubble detector’ was used 
to excite the probe and translate the changes in conductivity, produced when air 
bubbles were pierced by the probe sensors, into a voltage signal that could be read 
by a computer, a voltmeter and an oscilloscope. A detailed description of the air 
bubble detector is reported in Chanson (1988) and Cummings (1996). 
The air bubble detector signal has 3 different modes of output:  
a) Raw signal: The instantaneous raw signal is output as a voltage. The voltage of 
the baseline (air) and the gain of the signal can be manually adjusted within the limits 
(–5 V < Va < Vw < 5 V). 
b) Thresholded signal: The raw signal is transformed electronically to a square-wave 
signal, using a cut-off threshold. A raw signal voltage higher than the threshold is 
assumed to be in water while any voltage lower than the threshold is assumed to be 
in air. The threshold voltage for the air bubble detector was set to 1 V. 
c) 30 s mean air concentration: The air bubble detector continually outputs the mean 
air concentration for the previous thirty seconds, calculated using the thresholded 
signal. 
                                                 
1 New Zealand Institute for Industrial Research and Development 
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Figure 2.10 Air bubble detector 
In this study the raw signal was used. It was preferred over the thresholded signal 
because the turbulence intensity calculation was based upon the autocorrelation of 
the voltage signal, and any modification to the raw signal would impact the results 
(Section 2.3.2.3).  
The raw output signal was scanned at 20 kHz per channel for 20 s into a personal 
computer equipped with a Burr-Brown high-speed data acquisition card2, which 
digitised the raw voltage signal into the computer and analysed the data (Sections 
2.3.1 and 2.3.2). The data recording and analysis were conducted with Turbo Pascal 
programs developed by Toombes (2002) and modified by the writer.  
It was observed that the probe was prone to polarization, causing some deterioration 
of the amplitude voltage range with time. The air bubble detector minimized this 
problem by allowing the current direction to be reversed at frequent intervals while 
the probe was not in use. It was also found that double-tip conductivity probe sensors 
were very susceptible to contamination and corrosion. Each tip was regularly cleaned 
with a brush to remove any corrosion and the data was inspected after each run. If 
any signal inadequacy was found (evidenced by a sudden change or decay in the 
voltage signal), the data were discarded and recorded again. 
                                                 
2 Burr-Brown 20098C-2C analog/digital converter (100 kHz max. scanning frequency) 
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2.3  Data analysis 
2.3.1 Single-Tip Conductivity Probe signal 
In water the probe sensor sent a high voltage continuous signal. When the probe tip 
pierced an air bubble (passing from water into air), the lower air conductivity resulted 
in a sudden voltage decrease as sketched in Figure 2.11 
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Figure 2.11 Air bubbles impacting on single-tip conductivity probe 
Ideally, as a bubble collides with the tip of a conductivity probe, the signal would 
resemble a square wave. Unfortunately, the transition (i.e. interface) does not occur 
instantaneously because of wetting and drying of the probe tip. Cummings (1996) 
and Toombes (2002) observed that the transition from water to air is characterized by 
a rapid decrease in voltage followed by a gradual decay towards the air voltage level, 
possibly due to a thin film of water remaining on the tip after the bubble’s leading 
edge has passed (see Fig. 2.11). They also noted that transition from air to water as 
the bubble’s rear end leaves the probe is also not instantaneous, although this effect 
is not as perceptible as for the water to air interface. In addition it was observed that 
air and water voltage start to decay with time, probably affected by probe 
contamination and electrical polarization. Cummings (1996) suggested that the 
location of the water to air interface is accurately indicated by the upper tangent 
points TP1 in the probe signal, while the air to water interface is indicated by the 
lower tangent points TP2 (Fig. 2.11). Cummings (1996) and Toombes (2002) 
described criteria to differentiate between air and water voltages used by previous 
researchers. 
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In this study a single threshold criteria was determined as it is the most suitable and 
reliable, for flows with void fractions ranging from less to 5 up to 99 %. This method 
consists of selecting a threshold voltage. When the voltage was larger than the 
threshold, the probe was assumed to be in water, when the signal voltage was lower 
than threshold the probe was assumed to be in air (see Figure 2.11). Small 
bubbles/droplets pikes that did not cross the threshold were ignored. One advantage 
of this technique is its simplicity and speed, which allow it to be applied to complex 
flow situations and to large signal sizes. For this study, the threshold voltage of the 
air bubble detector was fixed at 1 V, while the air and water voltages were adjusted 
manually with the fine gain knobs. The air voltage was set to -1.5 V and was 
observed to remain reasonably constant during data acquisition. The water voltage 
was set to 4.0 V but was prone to decay by 1 V during data acquisition due to 
electrical polarization of the equipment. With the selected threshold voltage (+1 V), 
the relative threshold (i.e. relative to the air and water voltage) or threshold % was 
approximately 45%, where: 
voltageairvoltagewater
voltageairvoltageThreshold%Threshold −
−=                                                                    2.4 
Toombes (2002) conducted a sensitivity analysis of air concentration as a function of 
the air-water threshold. The results showed that the time-averaged air concentration 
varied less than 1 % for a threshold ranging from 40 % and 60 %. Herringe and Davis 
(1974) also observed little change in air concentration with thresholds between 20 % 
and 70 % of the voltage range. Time-averaged air concentration was calculated as 
the time for which the signal was below the threshold divided by the total scanning 
time. An in-house program (written by Toombes 2002) analysed the raw 
(unthresholded) signal from the air bubble detector. The program analysed the signal 
in 5 s intervals over a total scanning time of up to 180 s and determined the average 
air concentration for the full scanning period, as well as the maximum and minimum 
air concentrations for a 5 s interval observed. The program also recorded the 
frequency of bubbles striking the probe. Toombes (2002) observed that air 
concentration values obtained with the air bubble detector experienced fluctuations 
with time and investigated the ideal scanning period to avoid fluctuations and reach 
air concentration equilibrium. He found that equilibrium was typically achieved after 
20 s with a maximum variation of ± 0.5 % air concentration. A scanning frequency of 
20 kHz was employed for both conductivity probes for consistency.  
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The single-tip conductivity probe was used to measure the bubble frequency or 
number of bubbles detected per second. The minimum chord length that could be 
detected by the single-tip conductivity probe, was governed by the diameter of the 
inner electrode of the probe, and this was 0.35 mm. 
2.3.2  Double-tip conductivity probe signal 
The double-tip conductivity probe consisted of two probe tips, the trailing being 
shorter than the leading by a slight longitudinal offset (∆x ∼ 7.5 mm). Both tips were 
aligned and transversally separated 1.33 mm away from each other. The effects of 
the probe sensor on the bubbly flow properties were assumed negligible because of 
the small size of the tip, and the high velocity flow. This assumption is arguable, but 
the experimental results of Chanson (Chanson 1995c) , Cummings (1996) and 
Toombes (2002) tended to support this. The signal outputs from both tips were 
recorded simultaneously. It is expected that a bubble striking the leading tip may 
strike the trailing tip, resulting in two similar signals with a time delay.  
An example is shown in Figure 2.12, where both tips detected identical air or water 
structures, but some air-water structures are detected by one tip only. Both signals 
are used to calculate the air-water flow properties as time-averaged air concentration, 
air-water flow velocity, bubble frequency, bubble chord length and air-water flow 
turbulence intensity. The signal from the double-tip conductivity probe was recorded 
and analysed using software packages written by Toombes (2002) and modified by 
the writer. 
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Figure 2.12 Typical double-tip probe conductivity signal 
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2.3.2.1 Time-averaged air concentration 
The air concentration C was calculated as the time the probe spent in air divided by 
the total signal sampling time. Assuming that air and water travel at the same 
velocity, this result is identical to the void fraction. The air concentration was 
computed from the leading tip signal since the trailing tip signal may be affected by 
the presence of the leading tip. 
2.3.2.2 Bubble/droplet frequency 
The bubble frequency, Fa or bubble count rate was defined as the number of bubbles 
impacting on the probe’s leading tip per second. It was calculated from the raw signal 
as: 
T
NFa =                                                                                                                      2.5 
where T is the signal sample time and N is the number of bubbles detected during 
the scanning time T. 
2.3.2.3 Air-water flow velocity and turbulent intensity  
Air water flow and turbulent intensity measurement techniques were based upon the 
successive detection of bubbles by the sensors of the double tip probe (Chanson and 
Toombes 2001a). It was assumed that the probe sensors were aligned along a 
streamline, that the air-bubble/water droplet characteristics were little affected by the 
leading tip and that the impact of the bubbles/droplets on the trailing tip was similar to 
that on the leading tip. 
In highly turbulent gas-liquid flows, the detection of bubbles by each probe sensor is 
improbable, and it is common to use a cross-correlation technique, assuming that the 
detection of bubbles is a purely random process (Chanson and Toombes 1997; 
Chanson and Toombes 2002a; Crowe et al. 1998). The cross-correlation coefficient 
was calculated as: 
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where N is the number of data points obtained, N = scanning time/scanning 
frequency, and x and y are the data points (i.e. voltage signals) of the leading and 
trailing probe. 
The cross-correlation function may be plotted as a function of the time offset (Fig. 
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2.13). The time corresponding to the highest cross-correlation coefficient was 
assumed to be the mean travel time of the air water interfaces. The time-averaged 
air-water velocity was then: 
T
xV ∆=   2.7 
where ∆x is the distance between probe sensors and T is the travel time for which the 
cross-correlation function is maximum (mean travel time). 
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Figure 2.13 Example of a typical cross correlation function. 
The cross-correlogram provided further information on the turbulent velocity 
fluctuations (turbulent intensity).  
Flat broad cross-correlation functions were associated with large velocity fluctuations, 
hence large turbulence intensity values (Chanson and Toombes 2001a; 2002a). 
Thin, pointy cross correlations curves were characteristic of small turbulent velocity 
fluctuations. The turbulence intensity calculations must be corrected to account for 
the ‘intrinsic or white’ noise of the probe signal. The autocorrelation function (‘intrinsic 
noise’) provided some idea of the ‘periodicity’ and ‘stationarity’ of the signal, hence of 
the air-water flow structure3. The turbulence intensity is related to the broadening of 
the cross-correlation function compared to the auto-correlation function of the leading 
tip signal. It was assumed that the intrinsic noise of the leading and trailing tips were 
basically identical. Hence the standard deviation of the velocity signal was calculated 
as:  
                                                 
3 Chanson (pers. comm.) observed meaningless turbulence intensity values (e.g. 300 to 1000 %) 
when intrinsic noise was not taken into account in turbulence intensity calculations. 
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where V is the mean velocity (on time averaged velocity), N the number of samples 
and t  the bubble travel time data.  
Using Equation 2.8 with an infinitely large number of data points N, an extension of 
the mean value theorem for definite integrals might be used as the functions l/t2 and 
2)Tt( − are positive and continuous over the interval [I = 1,N], implying that at least 
one characteristic bubble travel time t’ exists satisfying t1 ≤ t’ ≤ tN such that: 
∑
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That is, the standard deviation of the velocity is proportional to the standard deviation 
of the bubble travel time:  
'tV
u t
' σ=                                                                                                                     2.10 
Assuming that the successive detection of bubbles by the probe sensors is a true 
random process (affected only by the random advective dispersion of the air bubbles 
and random velocity fluctuations over the distance separating the probe sensors), the 
cross-correlation function would be a Gaussian distribution: 
2
t
Tt
maxeR)t(R
σ
−−=                                                                                                       2.11 
where σt is the standard deviation of the cross-correlation function. Defining ∆T as a 
time scale satisfying R(T+∆T) = Rmax/2, the standard deviation for a true Gaussian 
distribution (normal) equals  σt = ∆T/1.175.  This assumption is not strictly correct 
since it does not take into account the ‘white noise’ of the signal. 
Hence, the standard deviation of the bubble travel time should be function of both, 
the standard deviations of the cross and auto-correlation functions (related to the 
white noise of the signal), and may be calculated as:  
175.1
tT 22
t
∆−∆=σ                                                                                                       2.12 
where ∆t is the characteristic time for which the normalised auto-correlation function 
equals 0.5 and ∆T a time scale satisfying R( T ) = Rmax/2 (Fig. 2.13). 
Further, assuming that t’ ≈ T and that the bubble travel distance is a constant ∆x, 
Equation 2.10 implies that the turbulence intensity Tu = u’/V equals:  
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Tu is a dimensionless velocity scale that is characteristic of the turbulent velocity 
fluctuations over the distance ∆x separating the probe sensors (Chanson and 
Toombes 2001a; Chanson and Toombes 2002a). 
Although Tu is not strictly equal to the dimensionless turbulent velocity fluctuation, 
the distributions of modified turbulence intensity Tu provided some qualitative 
information on the turbulent velocity field in gas-liquid flows.  
Velocity and turbulence intensity measurements have strong limitations as they only 
characterize the streamwise velocity of the flow and its turbulent fluctuation, because 
conductivity probes can only detect bubbles/droplets travelling along the streamwise 
line where the probe is located. Velocity components in the vertical, horizontal and 
transverse planes cannot be detected with conductivity probes  
2.3.2.3.1 Discussion  
The assumption t’ ≈ T is a strong approximation which cannot be demonstrated to 
date. However the estimations of turbulence data for low void fraction (C < 5%) and 
low liquid fractions (1-C < 5%) are comparable to monophase flow data obtained by 
Ohtsu and Yasuda (1997) on a stepped chute (Chanson and Toombes 2002a). The 
extension of the assumption t’ ≈ T for intermediate void fraction values (0.05 < C < 
0.95) still remains unverified.  
2.3.2.4 Mean air-water interface chord length 
Relevant information on the air-water flow structure maybe obtained considering the 
probe signal as a time series (e.g. air bubbles and water droplets chord length 
distributions and clustering tendencies). Those procedures require separate 
processing techniques, resulting in large and time-consuming calculations. A brief 
explanation of both methods is presented below. 
With an intrusive phase-detection probe, the flow was analysed in terms of 
streamwise air or water structures bounded by air-water interfaces detected as they 
passed by the probe tip (Fig. 2.14). It was however impossible to identify the exact 
nature of the air-water flow as different kinds of bubble shapes and sizes were 
observed (e.g. spherical or irregular air-bubbles in water, water droplets in air with 
different semi-elliptical shapes, fluctuations in the free surface, or a combination of 
the above). Even if the bubbles/droplets were spherical, the probability of the probe 
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tip piercing a bubble on its centreline, hence measuring its diameter is very small 
(Chanson and Toombes 2002a; Herringe and Davis 1976). The probe signal 
provided direct information on air or water droplet chord length. Assuming that the 
bubble velocity Vb is identical to the local interfacial velocity V (Eq. 2.7; no-slip 
condition) the chord length was calculated as: 
wbwaba tVchortVch ∆×=∆×=                                                                          2.14 
where ∆ta is the time between a water to air interface and the following air to water 
interface and ∆tw is the time between an air to water interface and the following water 
to air interface (Fig. 2.13).  
For high air-concentrations (0.5 to 0.6< C < 1) it is meaningful to discuss the air-water 
flow in terms of water droplets in air. The procedure is identical to that as for air 
bubbles, except substituting the water droplet chord length, chw, for cha. 
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Figure 2.14 Air water interface chord length 
It is usual to present the air-bubble chord length distribution of the sample in the form 
of a frequency histogram. An example of an air-structure chord length distribution 
histogram is shown in Figure 2.15 where the horizontal axis represents discrete 
intervals of length ∆L = 0.5 mm (i.e. 0.0 mm < cha < 0.5 mm) and the vertical axis 
represents the probability of indicated chord sizes to be detected by the probe. 
Although the histogram mode (predominant bubble size) was 1 mm a wide range of 
chord sizes were observed. For example, 44% of the recorded bubbles had sizes 
varying from 1 to 4.5 mm in Figure 2.15. 
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Figure 2.15 Example of an air bubble chord length distribution histogram 
The mean chord length of the air and water structures was defined in terms of the 
geometric mean: 
N
ch
ch
N
1i
i∑
==                                                                                                               2.15 
where ch is the chord size of the ith bubble/droplet and N is the number of 
bubbles/droplets. Hence, the mean air bubble/water droplet chord length was 
deduced from the continuity equation for air or water as: 
a
b
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F
CV)ch( −==                                                                2.16 
where Vb is the mean bubble velocity, C is the time-average air concentration and Fa 
is the number of air bubbles/water droplets impacting on the probe leading tip per 
second (Eq. 2.5).  
Several researchers (e.g. Herringe and Davis 1976  and Clark and Turton 1988) 
developed methods to estimate the bubble diameter distribution from the chord 
length distribution for spherical and ellipsoidal bubbles in bubbly flow regimes.  
However their methods were not suitable in this study because they assumed that all 
air-bubbles and water droplets were spherical in shape and they made no attempt to 
model the shape of splitting or coalescing bubbles found in gas-liquid froth flows 
(Clark and Flemmer 1984).  
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2.3.2.5 Air-water interface area 
The specific interface area, a, is the surface area between air and water per unit 
volume of the air-water mixture. The air-water interface area depends on the 
properties of the air-water flow, including void fraction, bubble size and bubble 
frequency. For an air-water mix consisting of spherical air-bubbles or water droplets 
of uniform diameter, the specific interface area may be estimated as: 
( ) )dropletswater(C16abubblesairC6a
wa ∅
−=∅=                                     2.17 
where C is the void fraction, ∅a is the air-bubble diameter and ∅w is the water droplet 
diameter. For non-uniform bubble size distribution, the local specific interface area is 
equal to  
∫∞ ∅∅∅= 0 aaa d
C)Pr(6a                                                                                              2.18 
where Pr(∅a) is the probability of an air-bubble to have a diameter of size ∅a . 
Intrusive phase detection probes (e.g. conductivity, optical fibre) used for 
experimental measurements do not measure bubble diameter, but chord length data 
and bubble frequency. For any bubble shape, size and chord length distribution, the 
mean chord length size, cha is given by equation 2.16 and the specific interface area 
may be calculated as: 
V
F4a a⋅=                                                                                                                   2.19 
where Fa is the bubble frequency (number of bubbles impacting the probe per 
second) and V the flow velocity, (identical to the bubble velocity Vb, assuming a no 
slip condition). In regions with high air content (C > 0.3 to 0.5) the flow structure is 
more complex and the specific interface area is simply proportional to the number of 
air-water interfaces per unit length of air-water mixture with: 
V
F2Ka a⋅=                                                                                                                2.20 
where K = 2  for spherical bubbles and droplets. 
2.3.2.6 Clustering analysis 
Clustering tendencies of air-bubbles and water-droplets were investigated at different 
locations. The clustering analysis was developed based upon several assumptions.  
In this study, only the streamwise distribution of air and water chords was considered, 
because the conductivity probes cannot detect bubbles/droplets travelling side by 
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side along the width of the chute. A ‘cluster’ was defined as two or more particles (air 
bubbles/water droplets) closely grouped together one after another one, travelling 
with the same velocity and distinctly separated from other particles before and after 
such cluster/packet (Chanson 2002b; Chanson and Toombes 2001b). Based on an 
analogy with the wagons of a train (closely linked one after another one), and with 
traffic platoons (where cars are coupled and move as one), a cluster of particles is 
referred to as ‘convoy or platoon of particles’. 
In bubbly flow (C < 0.3), two bubbles were considered to form a convoy when they 
were separated by a water chord length (chw) smaller than one tenth of the mean 
water chord size ww chch ⋅< 1.0  at the measurement point (Chanson 2002b). 
In the spray region (C > 0.7), two droplets were assumed to form a convoy when they 
were separated by an air chord (cha) smaller than one tenth of the mean air chord 
size aa chch ⋅< 1.0 . In Figure 2.16, a hypothetical example of air-bubble convoy 
comprising 4 air-bubbles in the air-water flow bubbly region is presented (the 4 
bubbles forming the platoon are separated from each other by water droplet chord 
lengths chw1, chw2, chw3, smaller than one tenth of the mean water chord size 
wwww chchchch ⋅< 1.0,, 321 ). Ahead two bubbles that are not part of the convoy (the 
separation between them being ww chch >4 ) are shown.  
Other criterions were introduced to define a convoy. Chanson and Toombes (2001a) 
considered a convoy when bubbles were separated by a water interface chw < 1 mm 
while Chanson (2002) used chw < cha immediately upstream (i.e. assuming the next 
bubble is in the near wake of the upstream bubble) as the critical separation criteria.  
‘Convoy’ analysis results provide information about the percentage of the detected 
bubbles/droplets that are grouped in convoys. They also give information of the 
probability distribution function (PDF) of the number of bubbles/droplets per convoy. 
An example of experimental results is presented in Figure 2.17, for which 38.6 % of 
the detected bubbles were clustered in convoys and 74.76 % of convoys comprised 
two bubbles, 20% comprised three bubbles and the rest of the formed convoys 
comprised 4 & 5 bubbles. 
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Figure 2.16 Clustering in bubbly flow.  
 
Figure 2.17 Air bubbles clustering in bubbly flow below pseudo-bottom (C < 0.3). 
2.3.2.7 Fourier spectral analysis 
The outputs from the double-tip probe are voltage signals that represent the number 
of bubbles striking sequentially both tips (leading and trailing). The two voltage 
signals obtained from the probe tips allowed measuring air-water flow properties at 
different flow regions to characterize the complex microscopic scale air-water flow 
structure. If the bubble piercing on the probe tips is considered to be a stochastic 
process, the Power Spectral Density (PSD) function or auto power spectrum of the 
probe’s leading tip signal may provide some information on stationarity and 
periodicity of the signal and may uncover some cyclical processes occurring in the 
air-water flow. Although this technique is still in its infancy it may provide a powerful 
tool that could speed up the processing times. 
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The PSD function or auto power spectrum of a voltage signal provides a measure of 
the power of the signal at a certain point in the frequency domain (Mulgrew et al. 
2003). An example of an obtained typical PSD is presented in Figure 2.18, where the 
vertical axis represents the power density in (V2/Hz) and the horizontal axis is the 
frequency in Hz. The PSD function displays the partitioning of power, or voltage 
variation of the signal at a certain frequency. Since the air-to-water/water-to-air 
interface lengths are functions of the velocity at which they are convected past the 
probe (local flow velocity V) and of the frequency, f, the fluctuations of the air+water 
structure chord lengths impacting the probe can be inferred from the auto power 
spectrum (Fig. 2.18).  
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Figure 2.18 Example of a PSD function obtained for channel 2 (θ = 21.8o,h = 0.1 m) 
between step edges 9 & 10, X0 = 0.2, y/h =  -0.026 (below pseudo-bottom), dc/h = 1.5 
(skimming flow). 
The voltage signal outputs were sampled at 20 KHz during a period of 20 s, 
delivering a discrete time series with a total number of 400,000 points evenly spaced 
at a sampling interval of ∆t = 0.00005 s. This discrete signal (voltage as a function of 
time) may be represented as a function of frequency by means of the Fast Fourier 
Transform, FFT (Bendat and Piersol 2000; Oppenheim et al. 1999) The Power 
Spectral Density (PSD) function or auto power spectrum of the leading tip signal was 
calculated using a computer program written by the author in Borland Delphi 6 based 
on a simple version of the PSD called the periodogram (Press et al. 1989a): 
1N,......2,1mX
N
1)m(P
21N
0m
mxx −== ∑−
=
                                                              2.21 
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where Pxx represents the auto spectral density function, N is the number of sampled 
values, which should always be an integer power of 2 and Xm is the finite Fourier 
transform of the recorded signal (further detail in Appendix F).  
All data signals were treated as one segment of size N = 2M, being M = 216. Fast 
Fourier Transform (FFT) was conducted for the data and the periodograms were 
obtained based on 218 data points without overlapping.  
2.3.3 Sampling frequency 
The scanning frequency of the conductivity probe signal, determines both the 
accuracy of the chord length measurement and the minimum size of a chord length 
that might be detected by the probe. The scanning frequency also controls the 
maximum resolution time axis of the cross-correlogram which determines the mean 
bubble travel time from the leading to trailing probe tip, and hence the mean bubble 
velocity. Toombes (2002) presented a summary of the scanning frequencies used by 
previous researchers, demonstrating that sampling frequencies between the 5 to 40 
kHz range were optimum for double tip conductivity probes in supercritical air-water 
flows in smooth chutes and in nappe flows. 
Assuming a mean bubble velocity, V, of 3.5 m/s and a maximum scanning frequency, 
f, of 40 kHz, the minimum chord length that can be detected by the double-tip 
conductivity probe, ∆ch, and its accuracy on the measurement of the Velocity, ∆V are 
given by:  
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The minimum chord length capable of being detected by the single-tip conductivity 
probe was 0.35 mm, diameter of the inner electrode of the probe. Toombes (2002) 
found that a scanning period of 10 s was long enough to provide a reasonable 
representation of the flow characteristics while maintaining realistic time and data 
storage constraints. A scanning period and frequency of 20 s at 20 kHz was 
employed for both conductivity probes to compare the measurements. 
2.4  Measurement accuracy 
The probes were mounted on trolleys, allowing longitudinal displacement along the 
step. Transverse movement was performed relocating the probe holding mechanism 
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at the required locations along the span of the channel. The error in the longitudinal 
position of the probe was estimated as: ∆x < 10 mm for both probes. In the 
transverse position the error was estimated as: ∆z < 10 mm. Translation of the 
probes in the direction perpendicular to the flow direction was conducted with a 
screw-drive traverse mechanism fitted with a Mitutoyo™ digimatic scale unit. The 
error in the direction normal to the flow of the probe was calculated as: ∆y < 0.1 mm. 
The error on the air concentration measurements was estimated as: C < 2%. The 
error on the bubble frequency measurements depended upon the characteristic 
bubble sizes, probe electrode size, scanning rate and flow velocity. Such error was 
estimated as: ∆Fa/Fa < 0.5 % with the double-tip conductivity probe. 
Assuming an average bubble velocity of 3.5 m/s and using a scanning frequency of 
20 kHz, the probe may not detect chord lengths of less than 175 µm, while bubbles 
with chord lengths smaller than the probe tip sensor diameter (∅ = 25 µm) cannot be 
detected. The accuracy of chord length measurements using the double tip probe is 
estimated as ∆ch < 0.2 mm.  
The single-tip probe, with a larger electrode size (∅ = 0.35 mm) misses a significant 
proportion of small (< 1 mm) bubbles and is likely to underestimate the bubble 
frequency as shown by Chanson and Toombes (2002d). In this study measurements 
were conducted to compare their performances (refer to Appendix C) 
Mean air-water flow velocities recorded using the double-tip conductivity probe were 
obtained by cross-correlating the signals from the two probe tips. Assuming no slip 
between the air and water phases, the error on the mean air-water velocity 
measurements was estimated as: ∆V/V < 5 % for 5 < C < 95 % and ∆V/V < 10 % for 
1 < C < 5 % and 95 < C < 99 %. Toombes (2002) conducted calibration tests to 
compare the single-tip and double-tip conductivity probe by performing identical 
experiments with both probes. In each case the air concentration data observed was 
identical (within the accuracy of the data), suggesting that, although the single-tip 
probe underestimates the number of bubbles smaller than 1 mm diameter, the 
amount of these bubbles is so small that their contribution to the air concentration is 
negligible. Based upon these results, he concluded that the difference in diameter 
between single and double tip probes (∅ = 0.35 mm and 25 µm respectively) has 
little effect on void fraction measurement. Attempts to validate the double-tip probe 
measurement technique were made by comparing the velocity obtained by the 
conductivity probe data with measured flow rates.  
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Water discharges were estimated using three different methods for all measured flow 
conditions:  
1. Measuring clear water critical flow depths occurring at the crest of the weir  
2. Integrating the clear-water velocity field on the crest of the weir; and 
3. Calculating the water discharge per unit width from the conductivity probe data 
from dUq ww ⋅=  (Eq.1.4), where Uw is the uniform velocity of the flow and d is 
the equivalent clear-water flow depth, ∫ ⋅−= 90
0
)1(
Y
dyCd (Section 1.2.1).            
This comparison is difficult and not ideal because the Pitot tube is only suitable for 
use in non-aerated flow, while the accuracy of the conductivity probe velocity relies 
upon a statistically significant number of bubbles. Regardless, comparison of the 
results from the three measurement techniques showed reasonable agreement 
(estimated accuracy < 5 %).  
Additional verifications were conducted by confirming the continuity equation for 
water (Eq. 2.24) at several locations with the flow rate measurements based upon the 
measured void fractions and air-water velocity profiles: 
∫ ⋅−⋅= 99
Y
0
w dy)C1(VQ                                                                                                 2.24 
where y is the depth normal to the channel floor and Y99 a characteristic depth (m) 
where the air concentration is 99 %. Results suggested an accuracy of less than 10 
% (see Appendix D).  
2.5 Non-representative samples 
Conductivity probes are very sensitive devices and are susceptible to a number of 
problems. These must be identified and managed in order to obtain realistic and 
representative data. Specifically when using double-tip conductivity probes as their 
very small dimensions make them extremely fragile. The main problems experienced 
when using conductivity probes were signal fluctuations, increased electrical noise 
and appearance of non-representative samples. Signal fluctuations were noticed as a 
sudden change of voltage in the middle of a scanning period often as a result of 
impurities in the water sticking to the probe tip. Signals with such characteristics were 
discarded and recorded again. Under normal operating conditions, electrical noise 
was not a major problem. However, increased electrical noise was caused by 
contamination of the probe tip, and was detected by visual inspection of the raw 
signal. Signals with unacceptable electrical noise were discarded and re-sampled 
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after the probe had been cleaned. Once a profile had been completed, air-water flow 
properties data were analysed and plotted. Non-representative samples appeared as 
discontinuous points on an otherwise smooth curve (e.g. circles in Fig. 2.19). Such 
discontinuities were the result of probe contamination not apparent in the signal 
frequency diagram. Such measurement samples were performed again. For the 
particular case of turbulence intensity (Tu) calculations, some trends were observed. 
Turbulence intensity is related to the broadening of the cross-correlation function 
compared to the auto-correlation function of the leading tip signal and calculated with 
equation 2.13 (Section 2.3.2.3). It was noticed sometimes that the standard deviation 
of the cross correlation function (∆T) presented two different erroneous trends that 
led to meaningless Tu values. The first oddity appeared when the recorded value of 
∆T was greater than ∆t (e.g. 300 to 1000 %) implying that the standard deviation of 
the turbulent velocity fluctuation tended to infinite. There was no apparent reason for 
such behaviour, except for the extreme turbulent nature of the flow (specifically for 
measurements below the pseudo-bottom and within the middle of the flow stream). 
Such signals were discarded and are seen as gaps among Tu data curves (points 
highlighted with rectangles in Fig. 2.19). The second anomaly was observed when 
the ∆T value was smaller than ∆t, suggesting that the leading probe’s signal intrinsic 
noise was too large to detect turbulent velocity fluctuations. Observations of this type 
occurred mainly in the spray region (C > 0.9) where a very small amount of events 
were recorded. Such irregularities were also discarded.  
 
Figure 2.19 Non-representative samples in terms of turbulent levels and velocity 
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3 Flow Properties in Moderate Slope Chutes Comprising 
Horizontal Steps 
3.1 Introduction 
Waters cascading down stepped canals are highly turbulent self-aerated flows that 
are complex to study. This chapter presents the results of a series of experiments 
conducted to describe qualitatively and quantitatively the characteristics of the air-
water flows on moderately sloped stepped cascades. The experimental investigation 
was performed in two large-size stepped spillway models with slopes typical of 
embankment structures (θ = 16 and 22o). Channel 1 (θ = 16o) operated with both 
transition and skimming flow regimes while only the skimming flow regime was 
studied in channel 2  (θ = 22o). 
3.1.1 Visualized flow patterns 
In chute 1 (θ = 16o), transition flows were observed for the lower range of water 
discharges (0.6 < dc/h < 1.3), where dc is the critical depth and h is the step height. 
Skimming flows occurred for higher discharges (1.3 < dc/h). Chute 2 (θ = 22o) 
operated with skimming flow throughout the investigated water discharge range (1.1 
< dc/h < 1.7).  
Flow visualisations, permitted clear and precise views of the intense recirculation 
taking place in cavities between step edges for both transition and skimming flow 
regimes. Skimming and transition flows had a very different appearance. In skimming 
flows, the waters skimmed smoothly over the pseudo bottom formed by the steps. In 
transition flows, the waters exhibited a chaotic behaviour, associated with intensive 
recirculation in cavities, strong spray and splashing (drop ejections reaching 3 to 5 
times the step height). However, both regimes presented some similarities: e.g. a 
non-aerated upstream flow with an undular free surface profile, randomly distributed 
free-surface instabilities and quasi-homogeneous downstream flow.  
In transition flow regimes, the waters were smooth and transparent upstream of the 
point of inception of air entrainment with an undular free surface that seemed to be in 
phase with the stepped geometry. Downstream of the inception point, strong 
hydrodynamic fluctuations, splashing and spray next to the free surface with water 
droplets jumping out of the flume (up to 1.5 m) and strong mist were observed. At low 
flow rates, differently sized air cavities were observed underneath the flow (Fig. 3.1a).  
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Chanson and Toombes (2004) subdivided transition flows in sub regime TRA1 for 
low water discharges, where small and large air-filled cavities irregularly alternated in 
the aerated part of the flow (downstream the air entrainment inception point) and in 
sub regime TRA2 for the upper range of transition flows rates where air-filled cavities 
and recirculating flow-filled alternated at every step. In the present study, the sub 
regime TRA1 was observed in channel 1 (θ = 16o) for the lowest range of flow rates 
(0.6 < dc/h < 0.9) and the sub-regime TRA2 occurred for the upper range (0.9 < dc/h 
< 1.3). Examples of both sub regimes are shown in Figure 3.1. 
a) Transition flow (TRA1, dc/h = 0.835) 
b) Transition/Skimming flow (TRA2/SK1, dc/h = 1.3) 
Figure 3.1 Flow regimes observed in channel 1 (θ = 16o, h = 0.1 m). Flow from left to 
right 
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In the skimming flow regime, the waters skimmed as a coherent stream over the 
pseudo-bottom formed by the step edges. Intense recirculating vortices were 
observed between step edges beneath the pseudo-bottom (Figs. 3.2a & 3.2b). 
Chanson (2002) and Ohtsu et al. (2004) proposed two sub regimes for the skimming 
flow regime in chutes with flat to moderate gradients (5.7o < θ < 30o): 
• SK1 sub regime (wake - step interference) for the lower range of skimming flows. 
In this sub regime a wake region forms downstream of each step edge with a 
recirculating vortex underneath. The wake and the vortex do not extend over the full 
step length and downstream of the vortex region the water impacts in the horizontal 
part of the step, further downstream skin friction drag occurs on the step (Fig. 5.3). 
• SK2 sub regime (wake - wake interference) for the upper range of discharges, for 
this sub regime, the wake and the recirculating eddy region extends the full length 
of the step sometimes interfering with the developing wake of the subsequent step, 
preventing skin friction drag on the step to occur. Most of the time the water surface 
is parallel to the pseudobottom formed by the step edges. 
In the present study, a SK1 sub regime was observed for both channels (θ = 16o & 
22o), for all investigated conditions. Recirculating eddies embracing half the length of 
the step and impacting in the middle of the horizontal section of the step were noticed 
(Figs. 3.2a, b). Visual inspections emphasized the three-dimensional nature of such 
eddies. At each step, three to four cavity span wise re-circulation cells were observed 
across the channel width for channel 1 and 2 (with h = 0.1 m only; Fig. 3.2c). 
a) Skimming flow (SK1) regime in channel 1 (θ = 16o, dc/h = 1.5, h = 0.1 m)  
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b) Skimming flow (SK1) regime in channel 2 (θ = 22o, dc/h = 1.3, h = 0.1 m) 
c) Skimming flow (SK1) regime in channel 2 (θ = 22o, dc/h = 1.3, h = 0.1 m). View 
from upstream weir 
Figure 3.2 Photographs of skimming flow 
3.2 Experimental flow conditions 
3.2.1 Crest observations and water discharge measurements 
Two vertical point gauges were employed during the experiments to measure clear 
water depths along the centerline of the model at and upstream of the broad crested 
weir. One (located at 0.66 m upstream the edge of the weir) measured the total head 
upstream the crest, the second measured critical clear water depth (dc) at the crest of 
the weir (Fig. 2.4, Eq. 2.1). Although the vernier scale accuracy of the gauges was ∆y 
= 0.1 mm, the visual positioning and the presence of two corner eddies near the side 
walls, immediately upstream the weir, caused some small periodical oscillation of the 
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water levels above the weir crest. Thus these reduced the accuracy of the instrument 
to ∆y < 1 mm. The ratio of crest length to upstream head over crest Lcrest/(H1-z0), 
where Lcrest is the crest length, H1 is the upstream total head of the flow above the 
crest and z0 is the height of the weir, was greater than 1.5 to 3 (Table 3.1), indicating 
that the crest was broad enough to achieve critical flow conditions for all the 
investigated discharges (Chow 1959; Hager and Schwalt 1994; Henderson 1966). 
Further, the inverse ratio (H1- z0)/Lcrest > 0.1 guaranteed that undular flow conditions 
above the weir crest only occurred for the lowest discharge dc/W = 0.02 where W 
represents the channel width and dc is the flow critical depth, suggesting that the 
water discharges were correctly measured with the point gauges for all investigated 
conditions (Chanson 1995c). For a range of flow rates, velocity profiles on the weir 
were also measured with a Pitot-Prandtl tube. The velocity distributions were then 
integrated to predict the flow rate on the weir crest centerline: 
∫ ⋅= c
d
0
w dyV'q                                                                                                               2.3 
where V is the local velocity measured with the Pitot tube (Eq. 2.2). 
A comparison with water discharges calculated from point gauge measurements 
demonstrated less than 5% discrepancy between both techniques. Results are 
shown in Figure 3.3 and Table 3.1 where qw represents the water discharge per unit 
calculated upon point gauge measurements as 3cw dgq ⋅= where g is the 
acceleration of the gravity force and dc the flow critical depth. The findings validated 
the use of point gauges to measure water discharge (refer to Appendix B for more 
experimental data). 
 
Figure 3.3 Comparison of flow rates deduced from point gauge and Pitot tube 
measurements at the weir crest  
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Table 3.1 Flow rate measurements at the centerline of the weir 
Run 
No. dc/W H1/W qw q'w Lcrest/(H1- z0) 
    m2/s m2/s  
[1] [2] [3] [4] [5] [6] 
1 0.02 0.023 0.0089 0.0064 26.82 
2 0.05 0.081 0.0350 0.0321 7.61 
3 0.06 0.0985 0.0460 0.0504 6.26 
4 0.08 0.1285 0.0709 0.0762 4.8 
5 0.13 0.185 0.1468 0.1171 3.33 
6 0.15 0.208 0.1820 0.1433 2.96 
7 0.17 0.23 0.2195  2.68 
W = 1 m, Lcrest = 0.617 m, z0 = height of the weir = 0.989 m,H1 
= total head of the flow, dc = critical depth, qw = flow rates 
deduced from point gauge measurements, q’w = flow rates 
deduced from Pitot tube measurements. 
3.2.2  Double-tip probe measurements 
Twelve water discharges ranging from 0.076 to 0.219 m3/s corresponding to 
transition and skimming flow regimes were tested in channel 1 (θ = 16o). Four 
skimming flow discharges were investigated for channel 2 (θ = 22o). Table 3.2 
summarizes the investigated conditions (refer to Appendix A for detailed 
experimental data). In skimming flows, measurements were conducted with the 
double-tip probe located at the channel centreline at step edges and at 
dimensionless distances X0 = 0.25, 0.5 and 0.75 of Lcav where X0 = x/Lcav, x is the 
probe-tip distance to the upper step edge and Lcav is the distance between step 
edges ( 22cav lhL += ) for both channels (Fig. 3.4). For transition flow conditions 
(channel 1 only) measurements were conducted on the centreline at step edges only.  
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Figure 3.4 Measurements between step edges for skimming flow conditions 
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Table 3.2 Experimental flow conditions for air-water flow measurements conducted 
with the double-tip conductivity probe 
Experimental measurements  
Channel 1 h = 0.1 m, θ = 16o 
Run dc/h qw Inception of Flow  Remarks  
No  m2/s aeration Regime   
    (Step edge)   
[1] [2] [3] [4] [5] [6] 
1 0.835 0.0756 3 TRA1 Run16Q76
2 0.6 0.0460 3 TRA1 Run16Q46
3 0.7 0.0580 3 TRA1 Run16Q58
4 0.9 0.0846 3 TRA1 Run16Q85
5 1.0 0.0990 4 TRA2 Run16Q99
6 1.1 0.1143 4 TRA2 Run16Q114
7 1.2 0.1302 between 4&5 TRA2 Run16Q130
8 1.3 0.1468 5 TRA2/ SK1 Run16Q147
9 1.4 0.1641 5 SK1 Run16Q164
10 1.5 0.1820 6 SK1 Run16Q182
11 1.6 0.2005 6 SK1 Run16Q200
12 1.7 0.2195 6 SK1 Run16Q219
Experimental measurements    
Channel 2 h = 0.1 m, θ = 22o 
13 0.11 0.1143 6 SK1 Run22Q114
14 0.13 0.1468 between 6&7 SK1 Run22Q146
15 0.15 0.1820 between 6&7 SK1 Run22Q182
16 0.17 0.2195 7 SK1 Run22Q219
3.3 Experimental Results 
3.3.1  Air concentration measurements 
Dimensionless void fraction distributions are presented in Figure 3.5. Figure 3.5a 
corresponds to air-water flow measurements downstream the air entrainment point of 
inception for transition flow sub regime TRA1 in channel 1 (θ = 16o). Figure 3.5b 
presents experimental data for transition flow sub-regime TRA2. Mean air 
concentration values corresponding to the plotted data are presented in Table 3.3. 
Air concentration measurements for sub-regime TRA1 showed flat, straight profiles 
that differ significantly from skimming flow observations and demonstrated a rapid 
and sustained flow aeration throughout the entire flow cross-sections (Fig. 3.5a). The 
data compared favourably with an analytical solution of the air bubble advective 
diffusion equation for transition flows: 








−= 




 λ−
90Y
y
' e1KC                                                                                                     3.1 
where C represents air concentration (void fraction), y is depth measured 
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perpendicular to the pseudo-invert, Y90 is the characteristic depth where C = 0.9, and 
K’ and λ are dimensionless coefficients functions of mean air content Cmean only 
(Chanson and Toombes 2002c).  
∫= 90
Y
090
mean dyCY
1C                                                                                                     3.2 
For sub-regime TRA2, air concentration distributions exhibited smooth continuous 
shapes similar to skimming flow observations at step edges. Data followed closely an 
air bubble advective diffusion equation solution for skimming flows (Fig. 3.5b). 
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where C is the void fraction, y is the distance measured normal to the pseudo bottom, 
Y90 is the characteristic distance (depth) where C = 0.9, K’’ is an integration constant 
and D0 is a function of the mean air concentration Cmean (Chanson and Toombes 
2002c). Large depth averaged void fraction values also suggested strong aeration 
throughout the entire flow cross-sections (Table 3.3). Overall the results highlighted a 
strong aeration of the flow for all slopes and flow conditions within the transition flow 
regime.  
Void fraction data for skimming flow sub regimes (SK1) measured at and between 
step edges in both channels (θ = 16o & 22o) are shown in Figure 3.6. Mean air 
concentration Cmean values are reported in Table 3.4.  
Void fraction data obtained at step edges and at the upstream part of the cavity (X0 U 
0.25Lcav) compared favourably with Equation 3.3. Data obtained at the downstream 
end of cavities (X0  0.5Lcav) differed with Equation 3.3 suggesting consistently a 
greater overall aeration of the flow between step edges (Figure 3.6a). Mean air 
concentration Cmean values, measured between step edges along the cavity were 
typically 20% to 30% larger than those observed at adjacent step edges (Table 3.5). 
This enhanced flow aeration was particularly observed in locations near to the 
pseudo-bottom (i.e. y/Y90 < 0.3). Air concentration distributions corresponding to 
skimming flows (SK1) for channel 2 are presented in Figure 3.6b, corresponding 
depth averaged void fraction values are reported in Table 3.4. As observed in 
channel 1 (θ = 16o), results obtained at step edges and at the upstream half of the 
cavity followed closely Equation 3.3 (filled symbols).  
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Data corresponding to the downstream half of the cavity showed a greater aeration of 
the flow. Matos et al. (2001) reported a similar finding. 
Chanson and Toombes (2002a) hypothesized that inertia forces acting on air bubbles 
trapped in the core of the recirculating vortices enhanced cavity aeration and led to 
higher air content in the cavity flow and mixing layers developing downstream of step 
edges. Present results supported such a hypothesis.  
Table 3.3 Experimental air-water flow properties for transition flow sub regimes 
(TRA1 & TRA2) in channel 1 (θ = 16o) 
 
TRA1 sub regime (dc/h = 0.84, 
qw = 0.076 m2/s) 
TRA2 sub regime (dc/h = 1.1,  
qw = 0.114 m2/s) 
Step 
edge s (m) Cmean V90/Vc Y90/dc Vmax/Vc Cmean V90/Vc Y90/dc Vmax/Vc 
4 1.09 0.46 2.66 0.71 2.71 na na na na 
5 1.46 0.44 2.55 0.67 2.79 0.44 2.73 0.69 2.78 
6 1.82 0.49 2.63 0.61 2.70 0.45 2.78 0.69 2.81 
7 2.18 0.48 2.73 0.70 2.88 0.37 2.80 0.59 3.02 
8 2.55 0.48 2.78 0.70 2.88 0.38 2.83 0.64 2.97 
9 2.91 0.46 2.66 0.71 2.83 0.43 2.83 0.61 2.91 
Note: s is a curvilinear coordinate measured in the flow direction from the first step edge  
(m), X0 = x/Lcav, where x is the probe-tip distance to the upper step edge and Lcav is the 
distance between step edges, Cmean is integrated between 0 < y < Y90, dc  is the critical 
depth, Vc is the critical velocity, V90 is the air-water flow velocity at y = Y90 (C = 90%) and 
Vmax is the largest air-water flow recorded, na is not applicable. 
 
Table 3.4 Experimental air-water flow properties for skimming flow (SK1) in both 
channels (θ = 16o and θ = 22o) 
 Channel 1 (θ = 16
o), SK1 sub 
regime (dc/h = 1.4,qw = 0.164 m2/s) 
Channel 2 (θ = 22o), SK1 sub 
regime (dc/h = 1.3, qw = 0.146 m2/s) 
Loc. s (m) X0 Cmean V90/Vc Y90/dc Vmax/Vc Cmean V90/Vc Y90/dc Vmax/Vc 
edge 7 2.18 0 0.39 2.98 0.57 2.59 0.34 2.71 0.64 3.06
71 2.27 0.25 0.46 2.68 0.29 2.74 0.31 3.09 0.60 3.10
72 2.36 0.5 0.56 2.68 0.26 2.71 0.44 3.02 0.65 3.03
73 2.45 0.75 0.50 2.63 0.52 2.67 0.52 2.97 0.66 3.03
edge 8 2.54 1 0.35 3.02 0.53 2.63 0.42 2.53 0.80 3.06
81 2.63 0.25 0.40 2.74 0.34 2.73 0.39 3.03 0.62 3.10
82 2.72 0.5 0.56 2.68 0.59 2.68 0.47 3.10 0.61 3.10
83 2.81 0.75 0.63 2.65 0.57 2.70 0.48 3.03 0.55 3.10
edge 9 2.90 1 0.41 3.02 0.56 2.68 0.34 3.04 0.72 3.20
Note: s is a curvilinear coordinate measured in the flow direction from the first step edge  (m),  
X0 = x/Lcav, where x is the probe-tip distance to the upper step edge and Lcav is the distance 
between step edges, Cmean is integrated between 0 < y < Y90, dc  is the critical depth, Vc is the 
critical velocity, V90 is the air-water flow velocity at y = Y90 (C = 90%) and Vmax is the largest air-
water flow recorded. 
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a) TRA1 sub regime (dc/h = 0.84,qw = 0.076 m2/s)  
b) TRA2 sub regime (dc/h = 1.1, qw = 0.114 m2/s) 
Figure 3.5 Void fraction profiles corresponding to transition flow sub regimes 
obtained in Channel 1 (θ = 16o). Data measured at the downstream end of the 
cavity (X0  0.5Lcav) is in hollow symbols 
a)SK1 skimming flow sub regime for channel 1 (θ = 16o) 
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b) SK1 skimming flow sub regime for channel 2 (θ = 22o) 
Figure 3.6 Void fraction profiles for skimming flows (SK1 sub regime) for both 
chutes (θ = 16o & 22o). Data measured at the downstream end of the cavity (X0 
 0.5 Lcav) is in hollow symbols   
3.3.2 Air-water velocity measurements 
Air-water flow velocity measurements were obtained with the double tip conductivity 
probe based upon the successive detection of bubbles by both probe tips. In highly 
turbulent air-water flows, the detection of a bubble by both probe sensors is 
improbable, and it is common to use a cross-correlation technique to calculate the 
time-averaged air-water flow velocity (Section 2.3.2.3).  
Figure 3.7 presents dimensionless air-water flow velocity distributions for both 
transition flow sub regimes (TRA1 & TRA2) in channel 1 (θ = 16o). In Figure 3.7, Y90 
is the depth corresponding to a void fraction C = 0.9 and Vmax is the largest air-water 
velocity recorded in the cross-section. Characteristic velocities V90, measured at y = 
Y90, and Vmax are presented in Table 3.4. 
Rough, empirical relations were developed by Chanson and Toombes (2004) to 
estimate air-water flow velocity profiles in transition flows. 
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Equations 3.4 and 3.5 are plotted for comparison in Figure 3.7. Velocity data for 
transition flow regimes (TRA1 & TRA2) showed flat, straight, nearly uniform profiles 
at step edges for all flow conditions for y/Y90  < 2 (Figs. 3.7a & b). 
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Velocity profiles in transition flows are quite different to skimming flow data and they 
are somewhat similar to air-water flow velocity measured immediately downstream of 
nappe impact in nappe flows (Toombes 2002) and to air-water flow velocity 
downstream of the impact region of spillway aerators in smooth chutes (Chanson 
1988). It is believed that the strong turbulent mixing across the entire flow associated 
with large energy dissipation at every step yields such quasi-uniform velocity profiles. 
Typical air-water velocity data for skimming flows (SK1) collected in channels 1 and 2 
(θ = 16o & 22o) are presented in Figure 3.8. It can be observed that data collected at 
step edges compared reasonably with a power law.  
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where V90 is the characteristic velocity at y = Y90 and 7.8< n <11.8 for 1.3 < dc/h < 
1.7.  
Measurements collected between step edges exhibited significant differences 
particularly for y/Y90 ≤ 0.3, suggesting greater flow velocities immediately above the 
recirculation zone. Results highlighted the effects of the developing shear layer 
downstream of the singularity formed by each step edge on the air-water flow, both in 
the recirculating cavity region and the mainstream flow.  
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b) TRA2 sub regime (dc/h = 1.1, qw = 0.114 m2/s) 
Figure 3.7 Air water flow velocity profiles corresponding to transition flow sub regimes 
obtained in Channel 1 (θ = 16o). Data for the downstream end of the cavity (X0  0.5 
Lcav) are in hollow symbols 
a) SK1 skimming flow sub regime for channel 1 (θ = 16o) 
b) SK1 skimming flow sub regime for channel 2 (θ = 22o) 
Figure 3.8 Air-water flow velocity profiles for skimming flows in both chutes (θ = 16o & 
22o). Data for the downstream end of the cavity (X0  0.5 Lcav) is in hollow symbols 
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3.3.2.1 Discussion 
A series of detailed measurements were conducted at several locations between step 
edges at the last cavity for one skimming flow discharge (dc/h = 1.7) in channel 1 (θ = 
16o, h = 0.1 m) to gain a better understanding of the shear layer development, and of 
the momentum exchange between mainstream and flow re-circulating vortices (Table 
3.5 and Figure 3.9). The data were compared successfully with analytical solutions of 
the motion equation for plane turbulent shear layers (Fig. 3.9) developed by Tollmien 
and Goertler (Rajaratnam 1976; Wygnanski and Fiedler 1970).  
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Figure 3.9 Air-water velocity distributions between step edges 8 & 9 for channel 1 (θ 
= 16o, h = 0.1 m), qw = 0.219 m2/s, dc/h = 1.7 
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Table 3.5 Air-water flow properties between the two last adjacent step edges in 
channel 1 (8 & 9), Run16Q219, qw = 0.219m2/s, dc/h = 1.7,h = 0.1. 
Step 
edge 
X0 = 
X/Lcav 
Cmean Uw/Vc V90/Vc 
Goertler’s 
solution, Κ 
Tollmien’s 
solution, a1 
Fmaxdc/Vc 
8 0 0.37 2.42 2.72 na na 30.4 
 0.2 0.33 2.27 2.75 2.46 1.192 26.2 
 0.25 0.35 2.31 2.66 2.32 0.975 29.3 
 0.3 0.39 2.29 2.64 2.36 0.809 26.9 
 0.4 0.42 2.33 2.69 2.73 0.615 24.5 
 0.5 0.46 2.37 2.67 5.16 0.487 26.9 
 0.6 0.53 2.34 2.63 4.17 0.417 24.0 
 0.75 0.51 2.34 2.69 5.94 0.325 25.1 
 0.8 0.47 2.31 2.75 4.02 0.297 26.7 
9 1.0 0.39 2.37 2.75 na na 31.6 
Note: Cmean integrated between 0 < y < Y90, Lcav = 0.364m, na is not applicable 
For a free shear layer, Tollmien’s solution of the equations of motion yields: 
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where, φ = y/a1x , U0 is the free-stream velocity and a1 is an empirical constant that 
equals (a1 = 2lm2/x2), where lm is Prandtl’s mixing length (Fig. 3.10 ; Rajaratnam 
1976). 
Goertler’s solution of the motion equation is:  
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where y50 is the location where U/U0 = 0.5, K is a constant inversely proportional to 
the rate of expansion of the mixing layer and erf is the error function given by: 
∫
ξ
−
π= 0
t dte1)u(erf
2
                                                                                                      3.9 
In monophase flows, a was found to be 0.084 and 0.09 for the data sets of Liepmann 
and Laufer (1947) and Albertson et al. (1950), respectively, while K was equal to 11 
for the data of Liepmann and Laufer (1947). Values of the coefficients a1 and K for 
the experimental data presented in Figures 3.9 and 3.11 are summarized in Table 
3.5. (these results correspond to the best data fit.) Along one-step cavity, the 
coefficient K increased with x towards monophase flow values (K = 11), while the 
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values of a decreased with x towards the reported values for monophase flow (a 
= 0.09). In Figure 3.11, the velocity data are presented as U/U0 versus K(y – y50)/x  
where 900 V9.0U ⋅= . Experimental observations agreed well with both Tollmien’s and 
Goertler’s solutions demonstrating self-similarity of the velocity profiles. 
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Figure 3.10 Sketch of a plane turbulent shear layer 
Figure 3.11 Self-similarity: comparison between experimental data and theoretical 
solutions by Tollmien and Goertler (Gonzalez 2003). 
The upper edge of the shear layer (corresponding to U/U0 = 1) and the free velocity 
streamline U = U0/2 (i.e. y = y50) were recorded for all the locations in the cavity. The 
results are reported in Figure 3.12 . The experimental observations highlighted the 
shape of the developing shear layer downstream of each step edge (Gonzalez and 
Chanson 2004b). The data followed a trend somewhat similar to the free mixing layer 
in monophase flow although the apparent width of the mixing layer did not increase 
linearly with x as hypothesized by Goertler. 
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The finding provided means to develop a relationship for the growth of the mixing 
layer and predict the mean velocity distribution based upon a suitable shear-stress 
model. 
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Figure 3.12 Sketch of the developing layer and experimental data points between 
step edges 8 & 9 for channel 1(θ = 16o, h = 0.1 m), qw = 0.219 m2/s, dc/h = 1.7 
3.3.3 Turbulent shear stress 
In skimming flows, a shear layer develops at each step brink, and the transfer of 
momentum across the mixing layer drives the cavity recirculation observed between 
the step edges. The mixing layer is basically a free shear layer (Fig. 3.10 ).  
For the mainstream flow, the equivalent boundary shear stress of the cavity flow 
equals the maximum shear stress τmax in the shear layer. Using a mixing length 
model, it yields:  
50yy
twmax y
V
=




δ
∂⋅ν⋅ρ=τ                                                                                             3.10 
where νt is the momentum exchange coefficient. For Goertler’s solution of the motion 
equations, the dimensionless pseudo-boundary shear stress equals: 
K
2
U
8
2
0w
max
⋅π=⋅ρ
τ                                                                                                       3.11 
where 1/K is the rate of expansion of the mixing layer. Note that equation 3.11 is 
homogeneous to a Darcy-Weisbach friction factor. For the data shown in Figures 
3.10 and 3.13, the integration of equation 3.11 along the step cavity yielded an 
average friction factor: 
34.0dx
V
8
L
1 cavL
0X
2
0
max
cav
=ρ
τ∫
=
                                                                                            3.12 
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This result represents the average dimensionless shear stress between the cavity 
flow and the main stream. For the investigated conditions as in Figures 3.10 and 
3.13, the air-water flow friction factor estimate, derived from the friction slope, was fe 
= 0.15. The result is close to the value derived from Equation 3.12. Generally, 
obtained results demonstrated that the flow resistance was reasonably well 
approximated by the integration of Equation 3.12 along the step cavity, and they 
coincided with previous findings in monophase shear flows above a rectangular 
cavity by Wygnanski and Fiedler (1970) and Haugen and Dhanak (1966) and Kistler 
and Tan (1967) in cavity flows.  
3.3.4 Turbulence intensity measurements 
Turbulence level data were collected in both chutes (1 & 2) in skimming flow 
conditions only. Typical results are presented in terms of turbulence intensity where 
Tu = u’/V is a dimensionless measure of the turbulent fluctuations of interfacial 
velocity over the distance separating the probe sensors (Section 2.3.2.3). 
Air-water flow turbulence intensity (Tu) profiles are presented in Figure 3.13 for 
skimming flows in channel 1 (θ = 16o, dc/h = 1.4; black symbols). The data indicated 
very high turbulence levels, with maximum turbulence levels higher than 100 %. 
These values were consistent with turbulence intensity measurements in plunging 
jets by Brattberg and Chanson (1998) and in wake flows between rocks by Sumer et 
al. (2001), although the present data were significantly larger than turbulence levels 
observed in monophase developing shear flows. Davies (1966), and Wygnanski and 
Fiedler (1970) indicated maximum turbulence levels Tumax = 15 to 20 % in 
monophase mixing layers, for x/dj ≤ 4 where dj is the jet flow thickness.  
Turbulence data collected at locations between step edges are presented for a 
skimming flow discharge (dc/h = 1.7) in Figure 3.14 . The results suggested further 
higher turbulence levels next to the downstream end of the cavity (X0 ≥ 0.5). For 
example, in Figure 3.14 , the maximum turbulence levels Tumax were about 80, 100, 
110 and 150 % for X0 = 0.2, 0.3, 0.6 and 0.75 respectively. The findings could be 
consistent with visual observations of cavity fluid ejection and replenishment, taking 
place primarily in the downstream half of the cavity. At the upstream half of the cavity 
(X0 < 0.5) turbulence data showed significantly different trends to that obtained in the 
downstream half. The influence of the developing shear layer and the transfer of 
momentum between mainstream and cavity recirculation were thought to cause such 
differences. 
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Figure 3.13 Air-water velocity (white symbols) and turbulence intensity (black 
symbols) data in channel 1(θ = 16o, h = 0.1 m) SK1 (dc/h = 1.4, qw = 0.164 m2/s) 
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Figure 3.14 Turbulence intensity profiles between step edges 8 & 9 for channel 1 (θ = 
16o, h = 0.1 m, dc/h = 1.7, qw = 0.219 m2/s)  
Chanson and Toombes (2002a) hypothesized that the high turbulence levels are 
directly linked to the number of entrained bubbles/droplets. However, such high 
turbulent levels may be also attributed to other factors, including particle collisions, 
break-up and coalescence affecting the interfacial velocity field. It is also believed 
that high flow resistance associated with form drag generated by the steps, 
contributed to strong turbulent mixing throughout the entire flow, yielding to high 
turbulence intensity levels.  
3.3.5 Flow resistance in skimming flows 
Flow resistance in a smooth channel is primarily friction loss. On a stepped cascade 
with transition or skimming flow regimes, additional energy dissipation mechanisms 
exist, including cavity vortices beneath the mainstream, momentum exchange 
between the main flow stream and the mixing layer formed downstream of each step 
edge and skin friction at the downstream half of each step. These mechanisms cause 
significant form drag in stepped spillways. It is widely recognized that Gauckler-
Manning and Darcy-Weisbach formulas cannot be used to estimate the form losses 
in open channels. Despite their limitations, Darcy-Weisbach formulas are utilized in 
this study to estimate the form losses in the stepped channel because they are still 
widely used for stepped chute design purposes. 
In fully developed (uniform equilibrium) skimming flows, the momentum principle 
states that the boundary friction force counteracts the gravity force component in the 
flow direction (weight of water component acting parallel to the pseudo-bottom 
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formed by the step edges). It yields: 
θ⋅⋅⋅ρ=⋅τ sinAgP www0                                                                                            3.13 
where τ0 is the average shear stress between the skimming flow and recirculating 
fluid underneath, Pw the wetted perimeter, ρw the water density, g the gravity 
acceleration, Aw the water flow cross-section area and θ is the mean bed inclination 
angle. In dimensionless terms, and for a wide channel with free-surface flow aeration, 
Equation 3.13 becomes:  
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                                                                3.14 
where fe is the equivalent Darcy friction factor for air water flow, C the local void 
fraction, y the flow depth measured normal to the pseudo-invert, Y90 the depth at C = 
90%, Uw is the mean flow velocity with Uw = qw/d, qw is the water discharge per unit 
width and d is the equivalent clear water depth 90mean Y)C1(d ⋅−= . 
In gradually varied skimming flows, the average shear stress between the 
mainstream and the cavity recirculation must be deduced from the friction slope (i.e. 
slope of the total head line). For a wide channel, the energy equation yields: 
f
3Yy
0y
2
w
e Sdy)C1(q
g8f
90
⋅


 −⋅⋅= ∫
=
=
                                                                                    3.15 
where g is the gravity acceleration, qw  is the water discharge per unit width, Sf is the 
friction slope 
x
HSf ∂
∂−= , H is the total head and x is the distance in the flow direction. 
Since both channels utilized in this study are relatively short, the flow did not reach 
uniform equilibrium status at the downstream end. All measurements were conducted 
in the gradually varied flow region downstream the point of inception and flow 
resistance estimates were based upon Equation 3.15. Flow resistance results in 
skimming flows are presented in Table 3.6 based upon data collected at the step 
brinks. Figure 3.15 presents a comparison between equivalent Darcy friction factors 
(Eq. 3.16) in both channels (θ = 16o & 22o), experimental data collected in the same 
facilities by Chanson and Toombes (2001a) and experimental data obtained in 11.3o 
and 19o slope stepped channels (h = 0.025, 0.0393, 0.05 & 0.0785 m) by Yasuda 
and Ohtsu (1999). Results are also compared with a rough, non-physical fit 
corresponding to 188 experimental data obtained in flat slope laboratory models 
(Chanson et al. 2002): 
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where f is an average friction factor, h the step height and DH the hydraulic diameter. 
The shear stress estimate (Eq. 3.11) is also plotted in Figure 3.15 for comparison 
since it characterizes the form drag loss.  
Overall, the friction factor data for skimming flows was consistent with the re-analysis 
of Chanson et al. (2002). For channel 1, fe data averaged fe = 0.12 while, for channel 
2 data averaged a value of fe = 0.19 suggesting that flow resistance increased with 
the channel slope, within the range of moderate slopes as previously proposed by 
Ohtsu and Yasuda (1997). 
Table 3.6 Flow resistance in mild slope stepped chutes 
Channel 1 h = 0.1 m, θ = 16o 
No dc/h qw fe Flow    
   m2/s  Regime Ref. 
[1] [2] [3] [4] [5] [6] 
1 1.4 0.1641 0.122 SK1 Run16Q164
2 1.5 0.1820 0.121 SK1 Run16Q182
3 1.6 0.2005 0.126 SK1 Run16Q200
4 1.7 0.2195 0.108 SK1 Run16Q219
fe Darcy friction factor for air-water flows  
Channel 2 h = 0.1 m, θ = 22o 
No dc/h qw fe Flow    
   m2/s  Regime Ref. 
[1] [2] [3] [4] [5] [6] 
5 0.11 0.1143 0.208 SK1 Run22Q114
6 0.13 0.1468 0.212 SK1 Run22Q146
7 0.15 0.1820 0.183 SK1 Run22Q182
8 0.17 0.2195 0.176 SK1 Run22Q219
fe Darcy friction factor for air-water flows  
 
Figure 3.15 Flow resistance estimates for skimming flows in moderately sloped 
channels 
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Symbology for Figure 3.15 
Chute properties Symbol Run 
θ = 16o, h = 0.1 m S CG201 (Present study) 
θ = 16o, h = 0.1 m   TC201 
θ = 22o, h = 0.1 m  CG202 (Present study) 
θ = 22o, h = 0.1 m  EV200, 
θ = 22o, h = 0.1 m  TC200 
θ = 22o, h = 0.1 m ¡ YAS200 
Eq. 3.11 for θ = 16o, h = 0.1 m. 
Eq. 3.16 for θ = 16o, h = 0.1 m.  
3.3.6 Flow resistance in transition flows 
A characteristic feature of transition flow is the intense splashing and strong free-
surface aeration that was observed on all slopes for all experiments. Flow resistance 
in transition flow was estimated based upon air-water flow properties measured at 
step edges using Equation 3.15.  
Flow resistance results for transition flows are summarised in Table 3.7 and 
compared with flow resistance results previously collected in the same facilities by 
Chanson and Toombes (2004) in Figure 3.16. 
Results presented no evident correlation, but they were distributed around an 
average value of fe = 0.2.  
Friction factor values corresponding to the lowest range of transition flow discharges 
tended to values observed in nappe flows (fe ≈ 0.25) while results in the upper range 
of the transition flow regime leaned towards values observed for skimming flows (fe ≈ 
0.2).  
Table 3.7 Equivalent friction factors for transition flows. 
Channel 1 h = 0.1 m, θ = 16o 
No dc/h qw fe Flow    
   m2/s  Regime Ref. 
[1] [2] [3] [4] [5] [6] 
1 0.835 0.0756 0.199 TRA1 Run16Q76
2 0.6 0.0460 0.11 TRA1 Run16Q46
3 0.7 0.0580 0.253 TRA1 Run16Q58
4 0.9 0.0846 0.237 TRA1 Run16Q85
5 1.0 0.0990 0.248 TRA2 Run16Q99
6 1.1 0.1143 0.211 TRA2 Run16Q114
7 1.2 0.1302 0.227 TRA2 Run16Q130
8 1.3 0.1468 0.19 TRA2/ SK1 Run16Q147
fe Darcy friction factor for air-water flows 
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Figure 3.16 Flow resistance estimates for transition flows in channel 1 (θ = 16o) & 
channel 2 (θ = 22o) 
Symbology for Figure 3.16 
Chute properties Symbol Run 
θ = 16o, h = 0.1 m ¡ CG201 (Present study) 
θ = 16o, h = 0.1 m S TC201 
θ = 22o, h = 0.1 m U EV200 
θ = 22o, h = 0.1 m  TC200  
3.3.7 Bubble count rate data 
Bubble frequency, Fa, or bubble count rate is defined as the number of air bubbles 
impacting on the leading tip of the probe per second. Since an air-bubble is a 
segment of air bounded on each side by water by definition, the number of air 
bubbles detected per second must be equal to the number of water-structures, Fa = 
Fw. Dimensionless distributions of bubble count rates Fa/Fmax in transition and 
skimming flows recorded are shown as a function of air concentration in Figures 3.17 
and 3.18 for channels 1 and 2 respectively, where Fa is the bubble frequency and 
Fmax is the maximum bubble count rate. At each cross-section, an approximately 
parabolic relationship between bubble frequency and air concentration was 
observed, as for a number of flow situations, including free-surface aeration of open 
channel flows (Chanson 1997b), two-dimensional free-falling jets and in the turbulent 
shear region of hydraulic jumps (Chanson and Brattberg 1997). Overall, their data 
were reasonably best fitted by the parabolic curve: 
h⋅cosθ/DH
f e
0.5 0.6 0.7 0.8 0.9 1 2
0.1
0.2
0.3
Flow Properties in Moderate Slope Chutes Comprising Horizontal Steps  
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               74 
)C1(C4
F
F
max
a −⋅⋅=                                                                                                    3.17 
where C is the local mean air concentration and Fmax the maximum bubble frequency 
(observed for about C ≈ 40 to 50%). 
Although the parabolic curve was found to fit reasonably the relationship between 
bubble frequency and air concentration, no physical explanation was proposed for 
this apparent relationship until Toombes (2002). He noticed discrepancy between 
experimental data and the parabolic relationship and developed a new, more 
physical theory that successfully predicted the effect on bubble frequency of air 
concentration. He based his work in the simplified analogy that the air-water mixture 
flowing past a fixed point (e.g. at the probe leading tip) is a series of discrete one-
dimensional air and water particles with sizes λa and λw that are functions of the 
fragmentation of the flow: e.g., a highly fragmented flow (with small λa and λw) has a 
high bubble frequency. In a region of low air concentration (0 < C < 0.3) the average 
length of an air segment, λa, was considered equal to the average chord length of a 
single air-bubble. Conversely, in a region of high air concentration (C > 0.7), the 
length λw was equal to the average chord length of a single water-droplet. 
Assuming λa = λw across the flow cross-section and that the probability of an element 
being air or water is independent of the state of adjacent elements, the bubble 
frequency simply yielded: 
)C1(CVF
a
a −⋅⋅λ=                                                                                                                                      3.18 
where V is the velocity of the air-water mix and C is the local mean air concentration. 
If V and λa were assumed to be constant across the section, the maximum frequency 
occurred at C = 0.5, and Equation 3.18 yields Fmax = V/(4wλa), resulting in the 
parabolic relationship between C and Fa.  
Toombes (2002) argued however that the assumption of λa = λw being constant 
across the section was incorrect. He found a better prediction model by introducing 
two correction factors, α(C) and β(C), such that: 
maxF
2
max
a
C
)C1(C
)C()C(
1
F
F −⋅⋅β⋅α=                                                                                     3.19 
where C is the mean air concentration, α(C) and β(C) are correction factors and CFmax 
is the air concentration corresponding to the point of maximum bubble frequency 
Fmax.  
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The correction factor α(C) accounted for the average size of the air elements, λa, 
having a different average value to the size of the water elements, λw, at any given 
point: 
C11)C(
a
w ⋅


 −λ
λ+=α                                                                                               3.20 
where the ratio λw/λa was assumed constant, independently of C. β(C) was a 
correction factor to account for the variation of λa and λw with air concentration: 
4)C21(b1)C( ⋅−⋅−=β                                                                                              3.21 
where b is a constant characteristic of the maximum variation of β(C) (i.e. 1-b < β <1).  
CFmax is the air concentration corresponding to the maximum bubble frequency, Fmax 
and may be calculated as: 
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C                                                                      3.21a 
For the current study b was not considered constant but a function of the maximum 
variation of β(C) = λa/λ, where λ is considered a length scale such that the probability 
of a discrete element of that size being air or water is independent of the surrounding 
segments and may be determined as: 
max F4
V
⋅=λ                                                                                                               3.22 
Present values of b are reported in Table 3.8. For the current study, the observed 
ratio of λw/λa = 1.75 yielded CFmax = 0.43.  
Both the original parabolic relationship (Eq. 3.17) and the new, modified parabolic 
relationship developed by Toombes (2002; Eq. 3.19, with λw/λa = 1.75 → C²Fmax  = 
0.185) are plotted in Figures 3.17 and 3.18 for transition and skimming flows 
respectively. Bubble frequency data shown in Figures 3.17 and 3.18 demonstrated 
that maximum bubble frequency for both sub regimes of transition flow (TRA1 & 
TRA2) and for skimming flow (SK1) regime did not always occurr for air 
concentrations of C = 0.5 but that it fluctuated with a decreasing tendency towards 
the downstream end of the chute. This might suggest that, at the downstream end of 
the chute, the flow had not yet achieved a uniform equilibrium flow status.  
A comparison between present experimental data and the results of Toombes (2002) 
was conducted. It was found that a ratio of λw/λa = 1.75 best correlated present 
experimental data for all conditions while Toombes (2002) reported values of λw/λa = 
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1.25 for measurements in a flat stepped chute (θ = 3.4) operating with nappe flow 
conditions. Present data in terms of b (constant characteristic of the maximum 
variation of β(C)) showed a tendency towards values reported by Toombes (2002) in 
free falling jets (b = 0.4). Based upon these results, the model of Toombes (2002) 
best correlated with present experimental results in terms of bubble count rate 
distributions for all investigated conditions and his analytical model reliably predicted 
the effect on bubble frequencies of air concentration in both transition and skimming 
flows. 
Table 3.8 Experimental values of b (constant characteristic of the maximum β(C) 
variation, Eq. 3.21), assuming λw/λa = 1.75 
Channel 1 (θ = 16o ) 
TRA 1 
Run 16Q76 
TRA 2 
Run 16Q114 
SK1 
Run 16Q164 
step b step b step b 
4 0.68     
5 0.71 5 0.644   
6 0.68 6 0.537 6 0.643 
7 0.41 7 0.492 7 0.518 
8 0.44 8 0.51 8 0.43 
9 0.42 9 0.442 9 0.43 
Channel 2 (θ = 22o ), SK1 Run 22Q146 
step b 
7 0.678 
8 0.529 
9 0.528 
10 0.404 
Notes: b ≈ 0.4 in nappe flows free falling jets  
(Toombes 2002) 
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b) TRA2 sub regime (dc/h = 1.1, qw = 0.114 m2/s) 
Figure 3.17 Bubble frequency dimensionless distributions corresponding to transition 
flow sub regimes for Channel 1 (θ = 16o)  
a) SK1 skimming flow sub regime for channel 1 (θ = 16o) 
b) SK1 skimming flow sub regime for channel 2 (θ = 22o) 
Figure 3.18 Air-water flow velocity profiles for skimming flows (SK1 sub regime) for 
both chutes (θ = 16o & 22o) 
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4 Physical Modelling and Scale Effects of Stepped 
Spillways with Moderate Slopes.  
4.1 Introduction 
It is a common practice to use physical models to investigate the flow behaviour of 
hydraulic structures, specifically in complex flow situations for which no numerical 
model can be utilized. Spillways are no exception and physical models are widely 
utilized to predict their operation (Fig. 4.1). However, up to date, only few researchers 
investigated systematically the physical modelling of the flow cascading down 
stepped canals. In this study, air-water flow measurements were conducted in two 
large-size stepped chute physical models with a geometric scaling ratio of Lr = 2 
(ratio of prototype to model dimensions), to investigate the possible distortion caused 
by geometrical scaling and the soundness of result extrapolation to prototypes. 
It is the purpose of this chapter to present a similitude analysis and to discuss scale 
effects affecting stepped chute flows. Results will highlight that physical modelling of 
stepped channels based upon a Froude similitude is more sensitive to scale effects 
than smooth invert chutes. 
Figure 4.1 Experimental models for smooth and stepped chutes (Top left: ‘El Cajon’ 
dam spillway experimental model, CFE laboratory, Mexico (Lr = 25, θ = 7.4o). Top 
right: Sorpe dam spillway experimental model, RWTH, Aachen, Germany (Lr = 6). 
Bottom right: Detail of skimming flow at Nihon University, Japan (θ = 55o, dc/h = 0.1, h 
= 0.1 m, W = 0.4, Lr = 3 to 6). Bottom left: Detail of skimming flow, UPC, Spain (h = 
0.1 m, W = 0.6 m, dc/h =, θ = 38.6o; photographs by the author). 
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4.1.1 Dimensional analysis and similitude 
A dominant characteristic of stepped chute flows is the strong flow aeration ('white 
waters') clearly seen in prototype and laboratory (Fig. 3.1). Theoretical analysis (and 
numerical study) is limited because of the large number of relevant equations: i.e., 
three basic equations per phase plus a phase transfer equation. Experimental 
investigations are also difficult but recent advances in air-water flow instrumentation 
brought new measuring systems enabling successful experiments. Experimental 
studies in laboratories are performed with geometrically similar models using a 
suitable dynamic similarity. Practical and economical constraints usually lead to the 
construction of small size models that could be affected by scale effects. The relevant 
parameters needed for any open channel flow dimensional analysis must include the 
fluid properties and physical constants, the channel geometry and inflow conditions  
Kobus (1984) stated that, in air-water flows, the flow characteristics such as air 
concentration C, air-bubble/water-droplet chord lengths, air-water flow depth, etc. 
could be described in terms of the boundary geometry, the relevant fluid properties 
and physical constants and the flow conditions. Accordingly, the characteristics of air-
water flows cascading down stepped channels are function of the geometry of the 
chute, the geometry of the steps, the fluid properties, the physical constants and the 
air-water flow conditions:  
( )σµρθ= ;g;;;q);y,x,'k,k,h,W,(geometryF,....d,d,C wwwssab                                      4.1 
where C is the local void fraction, dab is a characteristic size of entrained bubble, d is 
the equivalent water depth at uniform equilibrium for air-water flows (Eq. 1.3), θ is the 
channel slope, W is the chute width, h is the step height, ks is the step height 
roughness θ⋅= coshks , ks' is the surface (skin) roughness, x is the coordinate in the 
flow direction measured from a step edge, y is the distance normal from the pseudo-
bottom formed by the step edges, qw is the water discharge per unit width, ρw and µw 
are the water density and dynamic viscosity respectively, g is the gravity acceleration 
and σ is the surface tension between air and water. 
For air-water flows, the equivalent clear water depth is defined as: 
∫
=
=
−=
90Yy
0y
dy)C1(d                                                                                                          1.3 
where Y90 is the depth where C = 0.9.  
 
 
Physical Modelling and Scale Effects of Stepped Spillways with Moderate Slopes. 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               80 
Considering the simplistic case of a skimming flow down a stepped chute with flat 
horizontal steps at uniform equilibrium and for a prismatic rectangular channel, a 
complete dimensional analysis by means of the Buckingham-Vaschy theorem yields 
a dimensionless relationship between the local air-water flow characteristics, the fluid 
properties, the physical constants, the flow conditions and the step geometry: 

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In Equation 4.2 the first term x/d is the dimensionless streamwise distance between 
two adjacent step edges, the third, fourth and fifth dimensionless terms are the 
Froude, Reynolds and Morton numbers respectively, and the last four terms 
characterize the step cavity shape and the skin friction effects on the cavity wall. The 
Morton number 3
w
4
wgMo σ⋅ρ
µ⋅=  is an alternative to the Weber number. The Morton 
number is a function of the liquid properties and gravity constant. It becomes a 
constant if the same fluids are used in model and prototype (Kobus 1984).  
Using the depth-averaged air-water flow properties, Equation 4.2 may be further 
simplified. For a skimming flow at uniform equilibrium, Equation 4.2 yields: 
0
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⋅⋅ρ⋅                                                  4.3 
where Uw is the mean flow velocity (Uw = qw/d) and Cmean is the depth averaged void 
fraction (Eq. 1.2). 
Despite very simplistic assumptions, Equation 4.2 and even Equation 4.3, 
demonstrate that dynamic similarity of stepped chute flows is impossible with 
geometrically similar models, unless working at full-scale, because of the large 
number of relevant parameters (Chanson et al. 2002). In free-surface flows, most 
laboratory studies are based upon a Froude similitude (e.g. Chanson 2001, Chow 
1959, Henderson 1966). However, for geometrically similar models, it is impossible to 
satisfy simultaneously Froude, Reynolds and Weber similarities in a small-scale 
model using the same fluids (i.e. air and water) unless Lr = 1. Indeed cavity 
recirculation and momentum exchanges between cavity and stream flow are 
dominated by viscous effects suggesting the need for a Reynolds similitude, while the 
entrapment of air bubbles and the mechanisms of air bubble break-up and 
coalescence are dominated by surface tension effects implying the need for a Weber 
similitude. 
Physical Modelling and Scale Effects of Stepped Spillways with Moderate Slopes. 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               81 
In small size models (Lr >> 1) scale effects may affect significantly the air entrainment 
process. The bubble sizes in free-surface aerated flows often exhibit about the same 
absolute size, thus violating geometric and dynamic similarities in small-size models: 
e.g., the bubble chord size to water depth ratio and the bubble rising velocity to flow 
velocity ratio are larger for models than for prototypes. Wood (1991) and Chanson 
(1997b) presented comprehensive reviews and Kobus (1984) illustrated some 
applications of such scale effects in aerated flows.  
4.1.2 Previous studies on scale effects 
A few studies have investigated systematically the validity of a Froude similitude with 
geometrically similar stepped chutes using same fluids (air and water) in model and 
prototype. These were based upon a Froude similitude with undistorted geometric 
scale and sometimes two-dimensional models. A summary of these studies is 
presented in Table 4.1, where column [3] indicates the conditions to avoid scale 
effects and column [4] lists the physical size of the model in terms of step height h 
and corresponding geometric scaling ratio Lr (Lr = 1 implies the use of a prototype).  
BaCaRa (1991) described a systematic laboratory investigation of the M'Bali dam 
spillway with model scales of Lr = 10, 21.3, 25 and 42.7. For the smallest models (Lr = 
25 & 42.7), the flow resistance was improperly reproduced. Boes (2000) studied 
scale effects on the aeration process in geometrically similar models with different 
scales in two different slopes (θ = 30 & 50o). His results indicated critical minimum 
scale factors of Lr < 10 to 15 with reference to a prototype step height of h = 0.6 m, 
although no prototype data was available to assess properly the model data 
extrapolation. 
Chanson et al. (2002) re-analysed more than 38 model studies and 4 prototype 
investigations with channel slopes ranging from 5.7o up to 55o, and with Reynolds 
numbers between 3 x 104 and 2 x 108. They concluded that physical modelling of 
flow resistance may be conducted based upon a Froude similitude if laboratory flow 
conditions satisfy h > 0.020 m and Re > 1x 105. They added that true similarity of air 
entrainment was achieved only for model scales Lr < 10.  
However detailed studies of local air-water flow properties, in particular present 
results, yield more stringent conditions suggesting the impossibility to achieve 
dynamic similarity, even in large size models (Table 4.1). In the present study, a 
Froude similitude was used as for past open channel flow studies.  
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Table 4.1 Summary of stepped chute flows studies based upon Froude similitude 
Study 
 
[1] 
Definition of scale effects 
 
[2] 
Conditions to avoid 
scale effects 
[3] 
Experimental flow 
conditions 
[4] 
BaCaRa 
(1991) 
Flow resistance & energy 
dissipation 
Lr < 25 θ = 53º, h = 0.014, 
0.024, 0.028, 0.06 m. Lr 
= 42.7, 25, 21.3, 10 
(model studies). 
Boes (2000) Void fraction & velocity 
distributions 
Re ≥ 1x105,  
 
θ = 30 & 50o, W = 0.5m, 
h = 0.023 to 0.093m. Lr = 
6.6, 13, 26 (30o) / 6.5, 20 
(50o; model studies). 
Chanson et al. 
(2002) 
Flow resistance Re ≥ 2x105, 
h ≥ 0.02 m 
 
 
Prototype & Model 
studies: θ = 5 to 50o, W = 
0.2 to 15 m, h = 0.005 to 
0.3 m, 3 x 104 < Re < 2 x 
108, 32 < We < 6.5 x 106. 
Chanson and 
Gonzalez 
(2004b) 
Flow resistance Re ≥ 2x105, 
h ≥ 0.02 m 
Lr = 1,2 
Model studies: θ = 3.4o, 
W = 0.5m, h = 0.143, 
0.0715m. 
Present study Void fraction, bubble count 
rate, velocity and 
turbulence intensity 
profiles. Distributions of 
bubble sizes and 
clustering indexes 
Lr < 2 Model studies: θ = 16o, h 
= 0.05, 0.1 m, 1.2 x 105 
< Re < 1.2 x 106, Lr = 
2,1. 
4.2 Experimental study with geometrically-similar physical models  
This study involved large, nearly full-scale physical modelling of the flow down 
stepped chutes based upon a Froude similitude. A detailed investigation of the scale 
effects affecting stepped chute flows in terms of air-water flow characteristics was 
conducted to investigate the possible distortion caused by geometrical scaling and 
the soundness of result extrapolation to prototypes. Measurements were conducted 
in a large stepped spillway model (θ = 16o, 3.15 m long, 1 m wide chute) comprising 
flat horizontal steps. Two different step heights (h = 0.1 m and 0.05 m) were 
modelled in the facility (Fig. 4.2, Table 4.2). The corresponding scaling ratios for both 
configurations (h = 0.1 m & 0.05 m) were Lr = 3 to 6 in reference to typical prototype 
step heights of h = 0.3 to 0.6 m (typical thickness of concrete overlays when placing 
RCC).  
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The scaling ratio between the two configurations (h = 0.1 & 0.05 m) was Lr = 2. Note 
that only the step height and length were modelled, as the channel was wide enough 
to achieve two-dimensional flows. 
Table 4.2 Experimental stepped chute models 
 Length Width Slope  Number Step height Step length 
Channel 1 (m) (m) (θο) of steps (m) (m) 
Configuration 1 3.15 1 16o 9 0.1 0.35 
Configuration 2 3.15 1 16o 18 0.05 0.175 
 
 
a) Configuration 1 (h = 0.1m, dc/h = 1.5; courtesy of Dr. Chanson) 
 
b) Configuration 2 (h = 0.05m, dc/h = 1.7; courtesy of Dr. Chanson) 
Figure 4.2 Photographs of skimming flows in channel 1(θ = 16o) 
Detailed measurements of air-water flow properties were conducted with the double-
tip conductivity probe for a number of dimensionless flow rates dc/h at every step 
edge downstream the inception point along the channel centreline. Identical 
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experiments based upon a Froude similitude were conducted for both channel 
configurations (h = 0.1 m & 0.05 m; Table 4.3).  
Basic results comprised void fraction, air-water flow velocity, bubble count rate, 
turbulence intensity and bubble chord size distributions. The void fraction C 
represents the proportion of time that the probe tip is in air. The bubble count rate Fa 
is the number of bubbles impacting the probe tip per second. One-dimensional 
bubble chord sizes, obtained at the channel centreline provided information on the 
air-water flow structure. 
Systematic comparisons of experimental data obtained at similar locations 
downstream the inception point were performed for both configurations (e.g. 
measurements were recorded at step edges located at the same number of cavities 
downstream the inception point for both configurations). Nine flow discharges within 
the range 0.7 < dc/h < 3.2 were investigated for configuration 1 (h = 0.1 m) while 12 
flow rates within the range 0.6 < dc/h < 1.7 were studied for configuration 2 (h = 0.05 
m; Table 4.3). 
Table 4.3 Measurements at channel 1(θ = 16o, h = 0.1 & 0.05 m) 
No dc/h qw Inception of Flow  h 
  m2/s Aeration (Step edge) Regime Ref. (m) 
[1] [2] [3] [4] [5] [6] [7] 
Configuration 1 (h = 0.1 m) 
1 0.835 0.0756 3 TRA1 Run16Q76 0.1 
2 0.6 0.0460 3 TRA1 Run16Q46 0.1 
3 0.7 0.0580 3 TRA1 Run16Q58 0.1 
4 0.9 0.0846 3 TRA1 Run16Q85 0.1 
5 1.0 0.0990 4 TRA2 Run16Q99 0.1 
6 1.1 0.1143 4 TRA2 Run16Q114 0.1 
7 1.2 0.1302 Between 4 & 5 TRA2 Run16Q130 0.1 
8 1.3 0.1468 5 TRA2/SK1 Run16Q147 0.1 
9 1.4 0.1641 5 SK1 Run16Q164 0.1 
10 1.5 0.1820 6 SK1 Run16Q182 0.1 
11 1.6 0.2005 6 SK1 Run16Q200 0.1 
12 1.7 0.2195 6 SK1 Run16Q219 0.1 
Configuration 2 (h = 0.05 m) 
13 0.7 0.0205 4 TRA1 Run16Q20half 0.05 
14 0.9 0.0298 4 TRA1 Run16Q29half 0.05 
15 1.5 0.0643 8 SK2 Run16Q64half 0.05 
16 1.7 0.0776 8 SK2 Run16Q76half 0.05 
17 2 0.0990 10 SK2 Run16Q99half 0.05 
18 2.2 0.1143 12 SK2 Run16Q114half 0.05 
19 2.4 0.1302 13 SK2 Run16Q130half 0.05 
20 2.7 0.1550 14 SK2 Run16Q155half 0.05 
21 3.2 0.2000 15 SK2 Run16Q200half 0.05 
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4.3 Experimental Results 
4.3.1 Air–water flow characteristics in moderate slope stepped spillways 
operating with transition flow 
A comparison of air-water flow properties recorded in both configurations (h = 0.1 m 
& h = 0.05 m) is presented in this section at similar dimensionless distances from the 
inception point, for identical flow rate conditions corresponding to transition flow 
regime. Data for configuration 1 (h = 0.1 m) were collected at step edges 6, 7, 8 and 
9, and data for configuration 2 (h = 0.05 m) were obtained at step edges 7, 8, 9 and 
10. Measured cross-sections for both configurations were located at 3, 4, 5 and 6 
step edges downstream the inception point respectively.  
Figure 4.3 presents air-water flow properties obtained for both configurations 
operating with similar dimensionless water discharge conditions (dc/h = 0.9). 
Void fraction C distributions are presented in Figure 4.3a for both configurations (h = 
0.1 m & 0.05 m) in terms of y/dc where y is the air-water flow depth above the step 
edge and dc represents the critical depth measured above the broad crest. 
Dimensionless air-water flow velocity V/Vc distributions are presented in Figure 4.3b 
in terms of y/dc for both step heights (h = 0.1m & h = 0.05 m), where Vc is the critical 
velocity respectively. Figure 4.3c presents turbulence intensity Tu profiles in terms of 
y/dc and Figure 4.3d displays dimensionless bubble count rate Fadc/Vc distributions in 
terms of y/dc for the same conditions.  Results are presented in Table 4.4in terms of 
mean air content Cmean, dimensionless flow velocity Uw/Vc and characteristic air 
water-flow velocity at y = Y90 V90/Vc for both step heights.  
Table 4.4 Air-water flow properties for dc/h = 0.9, transition flow regime 
Configuration 1 (θ = 16o, h = 0.1 m) 
step Cmean Fmax*dc/Vc Uw/Vc V90/Vc 
6 0.39 20.04 2.236 2.85
7 0.45 21.49 2.444 2.94
8 0.41 22.78 2.503 3.00
9 0.51 23.02 2.875 3.00
Configuration 2, (θ = 16o, h = 0.05 m) 
7 0.43 7.75 2.577 2.98
8 0.47 8.85 3.008 2.83
9 0.55 8.82 3.589 2.93
10 0.50 9.01 3.408 2.91
Note: Cmean = mean air content, Uw /Vc = 
dimensionless flow velocity, V90/Vc = 
dimensionless air-water flow velocity, 
Fmax*dc/Vc = dimensionless maximum bubble 
count rate.  
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a) Dimensionless distributions of void fraction C ((+) h =0.1 m, () h = 0.05 m)  
 
b) Dimensionless distributions of velocity V/Vc ((¼) h = 0.1 m,(c)h = 0.05 m) 
 
c) Turbulence intensity distributions Tu ((+) h =0.1 m, () h = 0.05 m  
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d) Dimensionless bubble count rate data F*dc/Vc ((¼) h = 0.1 m, (c) h = 0.05 m 
Figure 4.3 Comparison of dimensionless distributions of air-water flow properties in 
Channel 1 (θ = 16o, dc/h = 0.9, transition flow regime) for h = 0.1 and h = 0.05 m at 3, 
4, 5 & 6 step edges downstream the inception point respectively  
A comparison in terms of air-bubble (cha) and water-droplet (chw) chord length 
distributions is presented in dimensionless terms in Figure 4.4 and in dimensional 
terms in Figure 4.5. Data were recorded at flow regions with similar local void 
fractions for identical flow rate conditions in both configurations. Average number of 
air bubbles abN and water droplets wdN detected for each configuration are also 
reported. Figure 4.4a compares dimensionless air-bubble chord length distributions 
cha/dc (dc is the critical depth) recorded in a bubbly flow region right at the step edges 
(C ≈ 0.1). Figure 4.4b presents dimensionless water droplet chord length distributions 
chw/dc recorded for the same cross-section in a spray flow region (C > 0.9). Figures 
4.5a and 4.5b present dimensional chord length distributions (cha and chw) for the 
same conditions as in Figures 4.4a and 4.4b. 
a) Air bubble chord sizes C ≈ 0.1(() h = 0.1 m, 2203Nab = ; () h = 0.05 m, 
1162Nab = ) 
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b) Water droplet chord sizes for C ≈ 0.9 (() h = 0.1 m, 1767Nwd = ; () h = 0.05 m, 
833Nwd = ) 
Figure 4.4 Comparison of dimensionless air-bubble and water-droplet chord sizes in 
Channel 1 (θ = 16o, dc/h = 0.9) at 4, 5 & 6 step edges after the inception point 
a) Air bubble chord sizes for C ≈ 0.1(() h = 0.1 m, 2203Nab = ; () h = 0.05 m, 
1162Nab = ) 
b) Water droplet chord sizes for C ≈ 0.9(() h = 0.1 m, 1767Nwd = ; () h = 0.05 m, 
833Nwd = ) 
Figure 4.5 Comparison of dimensional air-bubble and water-droplet chord size 
distributions as in Figure 4.4 (θ = 16o, dc/h = 0.9) 
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Present results showed similar velocity and turbulent intensity values for both 
configurations (h = 0.1 & 0.05 m) operating with transition flows (Figures 4.3a & c). 
Good agreement was also observed in terms of mean air content Cmean, 
dimensionless flow velocity Uw/Vc and characteristic air water-flow velocity at y = Y90 
V90/Vc for both configurations (Table 4.4). However, significant differences were 
observed in terms of air concentration and dimensionless bubble count rate 
distributions. Higher air concentration values were observed for configuration 1 (h = 
0.05 m; Fig. 4.3a) while lesser bubble count rates were observed for the same 
configuration (h = 0.05 m). The latter result suggested that about 30 to 50% less 
bubbles impacted the probe tip in measurements corresponding to the smallest step 
height (h = 0.05 m; Fig. 4.3d). 
In terms of air-bubble/water droplet chord length distributions, results showed 
consistent differences between the two configurations. Air-bubbles and water 
droplets were comparatively larger in the smallest model (Figs. 4.4a & 4.4b) as 
previously observed by Kobus (1984). Basically, entrained air-bubble/ water droplet 
chord sizes were not scaled at 2:1. In dimensional terms, the size distributions of the 
air-bubbles and water droplets were about the same for both step heights (Figs. 4.5a 
& 4.5b). The numbers of recorded air-bubbles and water droplets were observed to 
be about 50% smaller for the smallest configuration (h = 0.05 m). The findings imply 
drastic scale effects in terms of number of detected air-bubbles and water droplets 
and in terms of their respective chord sizes. 
4.3.1.1 Discussion 
Present experimental data suggested that in transition flows air-water flow velocity 
and turbulent intensity values were properly scaled with the utilized Froude similitude 
for the investigated conditions. However significant differences, hence scale effects 
were observed in terms of air concentration C, dimensionless bubble count rate 
Fadc/Vc distributions, number of recorded bubbles Nab and droplets Nwd, and 
bubble/droplet chord size distributions.  
In highly aerated flows the relationship between bubble count rate and air 
concentration is highly complex because it is a function of the average bubble chord 
length, which in turn is function of the shape and size of the bubbles and the surface 
tension and shear forces in the fluid. In transition flows, results observed in terms of 
void concentration and bubble frequency for both step heights (e.g. greater air 
concentration values corresponding to lesser bubble frequencies recorded for the 
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smallest configuration) are not consistent with previous observations in the same 
facility for skimming flows (Gonzalez and Chanson 2004a; Gonzalez and Chanson 
2004b). Although such a finding is not yet completely understood, it is believed that 
stronger hydrodynamic fluctuations occurred in the smallest model (h = 0.05 m) 
leading to observed higher air concentrations in transition flows.  
4.3.2 Air–water flow scale effects for moderate slope stepped spillways 
operating with skimming flow 
A systematic comparison of air-water flow properties is presented in Figure 4.6 for 
both configurations (h = 0.05 m & h = 0.1 m) at a similar dimensionless flow rate (dc/h 
= 1.5) corresponding to skimming flow regime. Data for the largest step height (h = 
0.1 m) were collected at step edges 7, 8 and 9. Data for the smallest step height (h = 
0.05 m) were obtained at step edges 9, 10 and 11, corresponding to cross-sections 
located 1, 2 and 3 cavities downstream the inception point respectively.  
Figure 4.6a presents void fraction distributions in terms of y/dc for both configurations  
(h = 0.1m & h = 0.05 m), where y is the distance normal to the pseudo-bottom and dc 
is the flow critical depth. Dimensionless air-water flow velocity V/Vc distributions are 
plotted in terms of y/dc for both step configurations (h = 0.1m & h = 0.05 m) in Figure 
4.6b where Vc is the critical flow velocity. Figure 4.6c presents turbulence intensity Tu 
profiles in terms of y/dc and Figure 4.6d displays dimensionless bubble count rate 
Fadc/Vc distributions in terms of y/dc for the same conditions.  Results in terms of 
mean air content Cmean, dimensionless maximum bubble count rate Fmax*dc/Vc, 
dimensionless flow velocity Uw/Vc and characteristic air water-flow velocity at y = Y90 
V90/Vc for both configurations are presented in Table 4.5. 
Table 4.5 Air-water flow properties for both step heights (h = 0.05 m and h = 0.1 m). 
(dc/h = 1.5, skimming flow regime) 
Configuration 1 h = 0.1 m (dc/h = 1.5) 
step Cmean Fmax*dc/Vc Uw/Vc V90/Vc 
7 0.40 27.81 2.36 2.33 
8 0.34 33.20 2.43 2.34 
9 0.34 35.50 2.45 2.42 
Configuration 2 h = 0.05 m (dc/h = 1.5) 
9 0.37 13.04 2.45 2.43 
10 0.27 15.04 2.41 2.39 
11 0.41 14.38 2.50 2.48 
Cmean = mean air content, Uw /Vc = dimensionless flow 
velocity, V90 / Vc = dimensionless air-water flow velocity, 
Fmax*dc/Vc = dimensionless maximum bubble count rate.  
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a) Distributions of air concentration ((+) h =0.1 m, () h = 0.05 m, (—) Eq. 3.3 for h = 
0.1 m)  
b) Dimensionless distributions of velocity V/Vc ((¼) h = 0.1 m, (c) h = 0.05 m, (---) 
Eq. 3.6, h = 0.1 m 
c) Dimensionless distributions of turbulence intensity Tu ((+) h =0.1 m and () h = 
0.05 m 
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d) Dimensionless distributions of bubble count rate Fa/dcVc ((¼) h = 0.1 m and (c) h 
= 0.05 m 
Figure 4.6 Comparison of air-water flow properties in Channel 1 (θ = 16o, dc/h = 1.5, 
skimming flow regime) obtained at 1, 2 & 3 step edges downstream the inception 
point for both configurations (h = 0.1 m and h = 0.05 m) 
A comparison in terms of air-bubble (cha) and water-droplet (chw) chord length 
distributions, recorded at similar flow regions for both configurations is presented in 
Figures 4.7 and 4.8. The average number of air bubbles abN and water droplets 
wdN detected for each configuration is also reported. Figure 4.7a compares 
dimensionless air-bubble chord length distributions cha/dc recorded in a bubbly flow 
region right at the step edges (C ≈ 0.1) where dc is the critical depth. Figure 4.7b 
presents dimensionless water droplet chord length distributions chw/dc recorded for 
the same cross-section in a spray flow region (C > 0.9). Figures 4.8a and 4.8b 
present dimensional air-bubble/water droplet chord length distributions (cha and chw 
in mm) for the same conditions as in Figures 4.7a and 4.7b. 
a) Dimensionless air bubble chord sizes for C ≈ 0.1(() h = 0.1 m, 2962Nab = ; () h 
= 0.05 m, 1945Nab = ) 
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) step 7 (h = 0.1 m), C = 0.114, 2782 bubbles,y/h = 0.27
step 8 (h = 0.1 m), C = 0.109, 2943 bubbles,y/h = 0.27
step 9 (h = 0.1m), C = 0.1, 3160 bubbles,y/h = 0.27
step 9 (h = 0.05 m), C = 0.128, 1790 bubbles,y/h = 0.21
step10 (h = 0.05 m), C = 0.129, 2054 bubbles,y/h = 0.23
step 11 (h = 0.05 m), C = 0.119,1993 bubbles,y/h = 0.17
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b) Dimensionless water droplet chord size distributions for C ≈ 0.9(() h = 0.1 m, 
1406Nwd = ; () h = 0.05 m, 699Nwd = ) 
Figure 4.7 Dimensionless air-bubble and water-droplet chord size distributions in 
Channel 1 (θ = 16o, dc/h = 1.5, skimming flow regime) at 1, 2 & 3 step edges 
downstream the inception point for both configurations (h = 0.1 m and h = 0.05 m). 
a) Dimensional air bubble chord size distributions for C ≈ 0.1(() h = 0.1 m, 
2962Nab = ; () h = 0.05 m, 1945Nab = ) 
b) Dimensional water droplet chord size distributions for C ≈ 0.9(() h = 0.1 m, 
1406Nwd = ; () h = 0.05 m, 699Nwd = ) 
Figure 4.8 Dimensional air-bubble and water-droplet chord size distributions for the 
same conditions as in Figure 4.7 
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step 7 (h = 0.1 m), C = 0.931, 967 droplets,y/h = 0.96
step 8 (h = 0.1 m) C = 0.846, 2494 bubbles,y/h = 0.69
step 9 (h = 0.1 m), C = 0.96, 757 bubbles,y/h = 0.92
step 9 (h = 0.05 m), C = 0.916, 777 bubbles,y/h = 0.51
step10 (h = 0.05 m), C = 0.916, 467 bubbles,y/h = 0.49
step 11 (h = 0.05 m), C = 0.96, 851 bubbles,y/h = 0.51
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Overall, present results showed that, in skimming flows, the distributions of air 
concentration and velocity were similar (Figs. 4.6a & 4.6b). Air concentration 
distributions also showed good agreement with an analytical solution of the advective 
diffusion equation for air-bubbles (Chanson and Toombes 2002) and the velocity 
profiles followed a power law (Eq. 3.6). Further similarities were observed in terms of 
mean air content Cmean, dimensionless flow velocity Uw/Vc and air-water flow velocity 
V90/Vc (Table 4.5). 
However significant differences (i.e. scale effects) were observed in terms of the 
distributions of dimensionless bubble count rates Fa*dc/Vc and of turbulence intensity 
Tu (Figures 4.6c & 4.6d). For the investigated conditions, lesser dimensionless 
bubble count rates by about 30 to 50 % were observed for the smallest configuration 
(h = 0.05 m; Fig. 4.6c).  
Differences in turbulence intensity distributions were consistently observed, with 
lesser maximum turbulence levels in the smallest configuration (h = 0.05 m; Fig. 
4.6d). 
In terms of air-bubble/water droplet chord length distributions, and accordingly with 
observations for transition flows, results showed consistent differences between both 
configurations: entrained bubble chord lengths were not scaled at 2:1 and they were 
comparatively larger for the smallest configuration (h =0.05 m; Fig. 4.7a). Similar 
observations were made in terms of water droplet size distributions in the spray 
region (C > 0.9; Fig. 4.7 b). In dimensional terms, the size distributions of the 
smallest bubbles and droplets were about the same for both step heights, but a 
broader range of large particles were observed for the largest step (h = 0.1 m; Figs. 
4.8a & 4.8b).  
The findings imply significant scale effects in terms of bubble count rates and 
turbulence levels, air-bubble and water-droplet chord size distributions while a proper 
dynamic similarity in terms of air concentration C and air-water flow velocity 
distributions was observed. Note that these results were obtained with a geometric 
scaling ratio Lr = 2, and relatively high flow Reynolds numbers (between 1.8 x 105 
and 6.5 x 104 for configurations 1 (h = 0.1 m) and 2 (h = 0.05 m) respectively).  
4.4 Dynamic similarity in terms of flow resistance on moderate slope stepped 
spillways 
Energy dissipation is a key parameter for the design of spillways, because its main 
purpose is to spill large floodwaters over dams and weirs without affecting the 
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structure and the riverbanks. Stepped canals regained interest within the engineering 
community because of their large energy dissipation potential. In smooth channel 
energy dissipation occurs predominantly through friction loss. On stepped cascades, 
additional energy dissipation mechanisms exist, including cavity recirculation vortices 
beneath the mainstream, and momentum exchange between the main flow stream 
and the mixing layer formed downstream of each step edge. 
In stepped canals with moderate slopes operating with transition and skimming flows, 
both form losses take place contributing to dissipate the kinetic energy of the flow. 
Experimental results are widely used to estimate energy dissipation in prototypes. 
Scale effects in terms of flow resistance are often overlooked and covered with 
‘safety empirical factors’. In stepped channels, experimental friction factor values up 
to 15 times larger than for smooth channels have been recorded. (e.g. Chanson et al. 
(2002), Ohtsu et al. (2004), Rajaratnam (1990).) Hence, the flow resistance in 
stepped spillways is a key design parameter that must be correctly extrapolated to 
improve the design of such structures. Comparisons of flow resistance results 
obtained for transition and skimming flow conditions in both configurations (h = 0.1 m 
and h = 0.05 m) are presented in this section of the study.  Despite their limitations, 
Darcy-Weisbach formulas are still used to estimate the form losses in the stepped 
channel.  
4.4.1 Scale effects in terms of flow resistance in skimming flows 
Flow resistance results are presented in Table 4.6 for similar dimensionless flow 
rates corresponding to skimming flow regime for both configurations (h = 0.05 m and 
h = 0.1 m). Results were calculated based upon experimental data collected at the 
step brinks downstream of the point of inception of air entrainment using equation 
3.16 (Section 3.3.4).  Figure 4.9 compares present data with flow resistance results 
previously collected in the same facility (Chanson and Toombes 2004), experimental 
data obtained in 11.3 and 19o slope stepped channels (h = 0.025, 0.0393, 0.05 & 
0.0785 m (Yasuda and Ohtsu 1999)) and data collected in a 3.4o slope channel h = 
0.143 m & h = 0.0715 m (Chanson and Toombes 2002c). Results are also compared 
with a rough, non-physical fit corresponding to 188 experimental data obtained in flat 
slope models ; (Chanson et al. 2002;Eq. 3.17) 
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Table 4.6 Air-water flow equivalent friction factors in skimming flows 
Configuration 1 h = 0.1 m, θ = 16o Configuration 2 h = 0.05 m, θ = 16o 
No dc/h qw fe Flow    No dc/h qw fe Flow    
  m2/s  Regime Ref.   m2/s  Regime Ref. 
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 
1 1.4 0.16 0.12 SK1 Run16Q164 5 1.5 0.06 0.18 SK1 Run16Q64half 
2 1.5 0.18 0.12 SK1 Run16Q182 6 1.7 0.08 0.21 SK1 Run16Q76half 
3 1.6 0.2 0.13 SK1 Run16Q200 7 2 0.1 0.14 SK1 Run16Q99half 
4 1.7 0.22 0.11 SK1 Run16Q219 8 2.2 0.11 0.16 SK1 Run16Q114half 
      9 2.4 0.13 0.11 SK1 Run16Q130half 
      10 2.7 0.15 0.25 SK1 Run16Q155half 
      11 3.2 0.20 0.16 SK1 Run16Q200half 
fe Darcy friction factor for air-water flows 
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Figure 4.9 Flow resistance estimates for skimming flows in moderately sloped 
channels. Symbols as below: 
Symbology for Figure 4.9 
Chute properties Symbol Run 
θ = 16o, h = 0.1 m S CG201 (Present study) 
θ = 16o, h = 0.05 m z CG201 (Present study) 
θ = 16o, h = 0.1 m   TC201 
θ = 22o, h = 0.1 m  CG202 (Present study) 
θ = 22o, h = 0.1 m  EV200 
θ = 22o, h = 0.1 m  TC200 
θ = 22o, h = 0.1 m ¡ YAS200 
θ = 3.4o, h = 0.0715 m ¯  
Eq. 3.11 for θ = 16o, h = 0.1 m. 
Eq. 3.16 for θ = 16o, h = 0.1 m.  
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Overall, the friction factor data obtained differed for both configurations. For all the 
flow rates tested in the smallest step height (h = 0.05 m) the averaged friction factor 
data was ef  = 0.18. Friction factors obtained in the largest configuration (h = 0.1 m) 
averaged ef  = 0.12 for the investigated conditions. Air-water flow equivalent Darcy 
friction factors fe for the smallest configuration were about twice those detected in the 
largest configuration. This might suggest that, although the geometrically similar 
models were scaled with a ratio of only Lr = 2, the flow resistance was two times 
larger in the smallest experimental model (h = 0.05 m). It must be noted that this 
conclusion is based upon a very limited data set, and further systematic experiments 
should be performed. Flow resistance data showed also an increase with increasing 
chute slope 3.4o < θ < 22o (Fig. 4.9) as observed by Ohtsu and Yasuda (1997). 
4.4.2 Scale effects in terms of flow resistance in transition flows 
Experimental air-water flow equivalent Darcy friction factors, fe, for transition flows 
are summarised in Table 4.7. Flow resistance data are compared in Figure 4.10 with 
flow resistance results previously collected in the same facilities by Chanson and 
Toombes (2004), with experimental data in a 22o slope stepped channel by Chanson 
and Gonzalez (2004b) and with friction factor data collected in a 3.4o slope stepped 
chute with two different step heights (h = 0.143 m & h = 0.0715 m) by  Chanson and 
Toombes (2002b). The air-water flow equivalent Darcy friction factors, fe, were 
calculated identically to gradually varied skimming flows based upon experimental 
data collected at the step brinks downstream the point of inception of air entrainment 
and using Equation 3.16.  
Table 4.7 Air-water flow equivalent friction factors in skimming flows 
Configuration 1 h = 0.1 m, θ = 16o Configuration 2 h = 0.05 m, θ = 16o 
No dc/h qw fe Flow    No dc/h qw fe Flow    
  m2/s  Regime Ref.   m2/s  Regime Ref. 
[1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] 
1 0.6 0.05 0.11 TRA1 Run16Q58 3 0.7 0.0204 0.1341 TRA1 Run16Q64half
2 0.7 0.06 0.25 TRA1 Run16Q85 4 0.9 0.0298 0.1136 TRA1 Run16Q76half
3 0.835 0.07 0.2 TRA1 Run16Q76       
4 0.9 0.08 0.237 TRA1 Run16Q46       
5 1.0 0.1 0.248 TRA2 Run16Q58       
6 1.1 0.11 0.211 TRA2 Run16Q85       
7 1.2 0.13 0.227 TRA2 Run16Q99       
8 1.3 0.15 0.19 TRA2 Run16Q114       
fe Darcy friction factor for air-water flows 
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Figure 4.10 Flow resistance estimates for transition flows in channel 1(16o) & 2 (22o). 
Symbology for Figure 4.10 
Chute properties Symbol Run 
θ = 16o, h = 0.1 m ¡ CG201 (Present study) 
θ = 16o, h = 0.05 m § CG201 (Present study) 
θ = 16o, h = 0.1 m S TC201 
θ = 22o, h = 0.1 m U EV200 
θ = 22o, h = 0.1 m  TC200 
θ = 3.4o, h = 0.143 m ª LM98 
θ = 3.4o, h = 0.0715 m ¯ EV200  
In average, flow resistance estimates in transition flow were larger than those 
observed in skimming flows (Fig. 4.9). Maximum friction factors were observed for 
the configuration with a 16o slope and 0.1 m step height. Flow resistance data for the 
smallest configuration (θ = 16o, h = 0.05 m) were smaller. Data corresponding to the 
smallest configuration (h = 0.05 m) averaged ef  = 0.12 while data for the largest 
configuration (h = 0.1 m) averaged ef  = 0.21. Friction factor data observed for both 
configurations (h = 0.05 m & h = 0.1 m) were considerably larger than that obtained 
in a 3.4o slope channel ( ef  = 0.05) by Chanson and Toombes (2002b). This finding 
suggests that, for transition flow conditions, the flow resistance did not increase with 
the reduction in model size (Lr = 2) as observed in skimming flows. However, the 
large data scatter does not permit any definite conclusion. 
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4.5 Discussion and outcomes 
Basic dimensional analysis demonstrated that the flow over a stepped chute is a 
function of a large number of relevant parameters, including the step characteristics. 
Physical modelling of stepped chute based upon a Froude similitude is therefore 
more sensitive to scale effects than classical smooth-invert chute studies.  
In this section, experimental measurements were presented, corresponding to 
transition and skimming flows in a large size stepped spillway model (θ = 16o, 3.15 m 
long, 1 m wide chute) operating with highly turbulent flows (1.2 x 105 < Re < 1.2 x 
106). Two large step heights (h = 0.1 & h = 0.05 m) were tested in the facility to 
assess dynamic similarity of geometrically scaled stepped chutes based upon a 
Froude similitude. The scaling ratio between the two configurations was Lr = 2. The 
large size of the stepped chute allowed further to achieve two-dimensional flow 
conditions.  
For transition flows, experimental results showed similarity in terms of velocity 
distributions, turbulent intensity distributions, mean air content Cmean, dimensionless 
flow velocity Uw/Vc and characteristic air water-flow velocity V90/Vc for both step sizes 
(h = 0.1 & 0.05 m). However, significant differences were observed in terms of air 
concentration and dimensionless bubble count rate distributions. Higher air 
concentration values and lesser bubble count rates were observed for the smallest 
step height  (h = 0.05 m). It is believed that stronger hydrodynamic fluctuations 
occurred for the smallest model leading to such higher air concentrations. 
In terms of air-bubble/water droplet chord length distributions, results showed 
consistent differences between both configurations: the air-bubble/water droplet 
chord sizes were not scaled at 2:1. Air bubbles and water droplets were 
comparatively larger in the smallest model. The numbers of recorded air-bubbles and 
water droplets were observed to be about 50% smaller for the smallest configuration 
(h = 0.05 m). The findings imply drastic scale effects in terms of number of detected 
air-bubbles and water droplets and in terms of their respective chord sizes.  
In terms of flow resistance, averaged friction factors ef
~  for transition flows were on 
average larger than those observed in skimming flows. Although the friction factor 
data scatter does not permit any conclusion, results suggest that flow resistance was 
about the same in both configurations (h = 0.1 & 0.05 m). 
For skimming flows, dynamic similarity was observed in terms of distributions of air 
concentration, C , and distributions of air-water flow velocity. However significant 
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differences were observed in terms of distributions of bubble count rates, distributions 
of turbulence levels, and air-bubble and water-droplet chord size distributions. 
Differences in turbulence intensity distributions were consistently observed, with 
lesser maximum turbulence levels and bubble count rates of about 30 to 50 % in the 
smallest configuration (h = 0.05 m). 
In terms of air-bubble/water droplet chord length distributions, bubble chord lengths 
were not scaled at 2:1. They were comparatively larger in the smallest configuration 
(h =0.05 m). Identical observations were made in terms of water droplet size 
distributions in the spray region (C > 0.9). In dimensional terms, the size distributions 
of the smallest bubbles and droplets were about the same for both step heights, but a 
broader range of large particles were observed for the largest step (h = 0.1 m). 
In terms of flow resistance, a comparison showed an increase in flow resistance with 
increasing chute slope 3.4o < θ < 22o as observed by Ohtsu and Yasuda (1997).  
For the 16o slope chute operating with skimming flows, friction factor data showed 
larger values for the smallest geometry (h = 0.05 m), suggesting that some form of 
scale effects existed for the smallest model (h = 0.05 m). However, turbulence 
intensity distributions were consistently smaller for the smallest geometry (h = 0.05 
m), with maximum turbulence levels 30 to 50 % smaller than those for the largest 
model (h = 0.1 m). The flow resistance increase in the channel was expected to be 
directly proportional to the turbulence levels but for the present study it might not be 
the case. In summary, the findings strongly suggest that characteristics of highly 
turbulent air-water flows cascading down stepped chutes may experience scale 
effects even on large sized facilities. Hence, the extrapolation of laboratory data to 
prototype should be avoided. The results also highlight that further experimental 
research is required to explain the scale effects on the properties of the air-water flow 
on stepped chutes. 
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5 Energy Dissipation Enhancement and Turbulence 
Manipulation. 
5.1 Introduction 
In recent years the design flows of a number of dams have been re-evaluated, 
resulting in revised flows often larger than the original ones. In many cases, 
occurrence of the revised design flows results in dam overtopping because of the 
insufficient storage and spillway capacity of existing reservoirs. Embankment dams, 
whilst common are more likely to fail than others dam types if overtopped without 
control due to breaching or complete erosion of the embankment’s downstream face. 
Despite the catastrophic effects linked with a dam failure, dam overtopping still 
constitutes the majority of the identified dam failures (ICOLD 1998). 
Before the 1980’s, overtopping counter-measures consisted mainly of modifying the 
existing spillway or building a second channel to increase the spillway capacity. 
During the last three decades, new overtopping protection systems have gained 
acceptance to allow safe controlled overflows over the dam wall during large flood 
events (André et al. 2004; Chanson 2002b; Manso and Schleiss 2002). There are 
several techniques to armour embankments, including surface protections built of 
different materials (e.g. paving, grass, rip-rap gabions, reinforced earth, pre-cast 
concrete slabs, RCC, formed concrete, etc.) The use of RCC overlays on the 
downstream slope of the embankments is a common construction technique and thus 
may double as an overtopping surface protection (Chanson 2002b; Ditchey and 
Campbell 2000). With RCC placement techniques, most embankment protections are 
shaped in a stepped fashion. While most modern stepped spillways have been 
designed as prismatic rectangular chutes with horizontal steps, recent studies have 
suggested different step configurations that might enhance the rate of energy 
dissipation (André et al. 2004; Chanson and Gonzalez 2004c). Systems of macro-
roughness concrete blocks have also been studied (Manso and Schleiss 2002). 
Figure 5.1 presents some examples of embankment dam protections. Figure 5.1a 
shows Brushes Clough dam (1859-1991, UK), a 26 m high embankment dam 
refurbished with a new overflow spillway system in 1991, while Figure 5.1c illustrates 
Melton dam (VIC, Australia). The Melton dam was heightened twice because of rapid 
reservoir siltation. During the last refurbishment in 1994, the overflow embankment 
stepped spillway was added.  
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a) b) 
c) d) 
Figure 5.1 Examples of embankment protections: a) Brushes Clough dam (1859-
1991, UK; courtesy of Mr. Gardiner, NWW), b) Choctaw & d) Salado embankment 
dams and secondary stepped spillways (b & d, courtesy of Craig Savela and USDA, 
Natural Resources Conservation Service; National Design, Construction and Soil 
Mechanics Center, Fort Worth, Texas), c) Melton dam (1916, VIC, Australia, 
refurbished in 1994; courtesy of Dr Chanson). 
5.1.1 Energy dissipation enhancement: prototype and laboratory experience 
Most modern stepped spillways comprise horizontal steps (Gold creek dam, Melton 
dam, etc.) but some older structures were equipped with devices to enhance energy 
dissipation. Some had pooled steps with vertical walls (Sorpe dam, 1932) or rounded 
endsills (Le Pont dam, 1882; Fig. 5.2). More recently, André et al. (2004) suggested a 
configuration of alternating steps with and without endsills (flat and pooled steps) for 
maximum energy dissipation. They found the largest rate of energy dissipation rate 
for configurations with alternate slotted endsills. Peyras et al. (1992) demonstrated 
greater energy dissipation with inclined upward steps. All these techniques proved 
reliable to enhance flow resistance. However, they add considerable structural loads 
to the stepped structure and might not be economical. Superposition of small and 
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large steps may be another effective way to enhance energy dissipation for 
embankment protections. In Australia, the Malmsbury (1870) and Upper Coliban 
(1903) dam spillways were designed with a combination of large drops (h = 2 to 4 m) 
and stepped chutes (h = 0.305 m). At design flows, the drops operate with a nappe 
flow and the chutes with a skimming flow regime. Their successful operation for more 
than one century supports the soundness of the design. On the model of the 
Kennedy’s Vale dam, Stephenson (1988) superimposed occasional large steps to 
small steps and he observed a 10% increase in the rate of energy dissipation for this 
model. James et al. (2001) observed larger rates of energy dissipation with V-shaped 
step edges (Fig. 5.2). Two early French stepped spillways were also equipped with 
V-shaped step edges: Tillot dam (1834) and Pas du Riot dam (1873). Both stepped 
spillways are still in use. Chanson (2002a) argued however that, for such V-shaped 
steps, lateral deflections not only enhanced energy dissipation but also induced 
complex three dimensional flow patterns that might contribute to the structural failure 
of the steps. 
All the above-mentioned techniques may effectively dissipate the flow energy but 
their attractiveness is counterbalanced by the needs of extraordinary placement 
methods that might increase costs and construction periods. Hence, more effective 
methods to dissipate energy of flows over embankments are needed.  
Le Pont (France, 1882)
Sorpe (Germany, 1935)
Tillot (France, 1882)
Pas du Riot (France, 1882)
Peyras et al. (1991)
inclined upward 
steps
André et al. (2001)
James et al.(2001)
large 
drop
small 
steps
André et al. (2004) 
(plan view)
Malmsbury dam (1870),
Upper Coliban dam (1903), 
Australia
Frizzell (1994)
 
Figure 5.2 Examples of step configurations for energy dissipation enhancement.  
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5.1.2 Flow resistance and energy dissipation in skimming flows. 
In stepped chutes with moderate gradients (11o < θ < 30o) operating with large 
discharges, the flow skims over the pseudo-bottom formed by the step edges as a 
coherent stream. Intense recirculation cavities are observed between the step edges 
beneath the pseudo-bottom (Chamani and Rajaratnam 1999a; Rajaratnam 1990). 
Chanson (2002b) and Ohtsu et al. (2004) observed two sub regimes in chutes with 
flat to moderate gradients (5.7o < θ < 30o). For the smallest range of flow rates, the 
sub regime SK1 is observed, where a wake region forms downstream of each step 
edge with a recirculating vortex underneath. The wake and the vortices do not extend 
over the full step length. Downstream of the recirculation region, the water impacts in 
the horizontal face of the step, and skin friction occurs further downstream (Fig. 5.3). 
The water surface of the skimming flow is undular and partly parallel to the horizontal 
steps. It also seems to be in similar phase and wavelength to the stepped geometry. 
The sub regime SK2 is observed for the upper range of discharges. The wake and 
the eddy region extend the full length of the step sometimes interfering with the 
developing wake of the subsequent step. Most of the time, the water surface is 
parallel to the pseudobottom formed by the step edges (Fig. 5.3). In skimming flows, 
the fluid patterns within the wake and the recirculating vortex have also been 
observed to be unstable and three-dimensional in nature.  
SK1 subregime 
(wake-step interference)
SK2 subregime
(wake-wake interference) 7
5
6
5
6
7
d Y90
d Y90
Y90d
impingement of 
mixing layer onto step
recirculation 
region
interactions between 
coherent structures & step face
 
Figure 5.3 Flow regimes on a stepped chute with moderate gradient 
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In stepped cascades operating with skimming flows, the resistance of the flow is 
primarily from drag. Researchers have noted some analogies between skimming 
flows over stepped chutes and skimming flows above large roughness elements, 
including boundary layer flows past d-type roughness (Djenidi et al. 1999). 
Furthermore, some studies hinted at means to further energy dissipation in skimming 
flows past cavities by altering the flow recirculation and the fluid exchange between 
free-stream and cavity flow, which may affect drastically the form losses and in turn 
the rate of energy dissipation. Djenidi et al. (1999) conducted a comprehensive study 
of boundary layer flows past d-type roughness, Aivazian (1996) studied flows past 
zigzag strip roughness, and Mochizuki et al. (1996) studied turbulent boundary layer 
past d-type roughness with thin longitudinal ribs (Fig. 5.4). Despite conflicting 
interpretations of their data, their experiments demonstrate some turbulence 
manipulation by interfering with the recirculation vortices.   
y
V
V
y
Mochizuki et. al 
(1991,1993)
z
y
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Configuration 2
(3 vanes in line)
flow
 
Figure 5.4 Sketch of d-type roughness and triangular vanes. 
Experimental observations in skimming flows above stepped chutes highlighte the 
three dimensional nature of the recirculation vortices within the step cavities. For 
example, in channel 2 (θ = 22o, h = 0.1 m, W = 1 m), three to four cavity recirculation 
cells were observed across the channel width. The finding was consistent with similar 
observations by Matos and Yasuda (pers. comm.) on steeper chutes. 
In this study, a moderately sloped stepped chute was equipped with different 
configurations of vanes or longitudinal ribs acting as turbulence manipulators. Vanes 
were chosen for this study because unlike other energy dissipation methods, their 
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load on the structure of the dam was minimal and they demonstrated greater 
economic efficiency. Their purpose was to enhance interactions between free-stream 
and cavity recirculating regions by altering the three-dimensional nature of the 
observed eddies. Systematic air-water flow measurements were performed to 
quantify the influence of the vanes in the aerated flow cascading down the spillway. 
The vanes were observed to have a strong influence on the air-water flow properties, 
inducing the development of wakes or low-speed streaks above each vane (Fig. 5.6). 
The results provided new understandings of the complicated air-water structures of 
skimming flows and hinted at the effects of turbulence manipulation in highly 
turbulent aerated flows.  
5.2 Experimental air-water flow measurements. 
Experiments were conducted in a 22o slope stepped chute with h = 0.1 m step height, 
for flow rates ranging from 0.10 to 0.22 m3/s corresponding to a skimming flow 
regime (4 x 105 < Re < 8.7 x 105; Table 5.1). Herein the Reynolds number is defined 
in terms of the depth-averaged velocity Uw and hydraulic diameter DH (i.e. equivalent 
pipe diameter): 
w
Hw
e
DUR ν
⋅=                                                                                                               5.1 
where νw is the water cinematic viscosity and Uw represents the aerated flow velocity 
calculated as: 
∫
∫
⋅−
⋅⋅−
=
90
90
Y
0
Y
0
w
dy)C1(
dyV)C1(
U                                                                                                                     5.2 
where C is the local void fraction, V is the local air-water flow velocity, y is the 
distance normal to the pseudo-invert and Y90 is the distance where C = 0.9. 
Seven stepped geometries were tested systematically (Table 5.1). The reference 
configuration (configuration 1) was a typical stepped chute comprising ten identical 
horizontal steps with a 22o slope. For the subsequent configurations (2 to 7), the 
chute was equipped with vanes (thin longitudinal ribs) placed across the step cavity 
from steps 2 to 10 as illustrated in Figures 5.5, 5.8 and 5.14. The vanes were made 
of aluminium (1.6 mm thick), although a few were made of perspex (6 mm thick) for 
flow visualization next to the sidewall. The vanes did not interfere with the free-
stream. For some configurations, the vanes were aligned, for others the vanes were 
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placed in a zigzag pattern. For two configurations (6 & 7) vanes were installed every 
two steps only. Configurations 2 and 3 had 3 vanes aligned and in zigzag 
respectively, placed at each step. Configurations 4 and 5 comprised 7 vanes 
arranged inline and in zigzag, while configurations 6 and 7 included 7 vanes in-line 
and in zigzag respectively, but placed every 2 steps (Fig. 5.5, Table 5.1).  
For configuration 1 (without vanes), measurements were conducted with the double-
tip probe located on the channel centreline at and between each step edge  (Fig. 
3.3). In the direction normal to the flow, measurements were conducted from y = 0 
(i.e. pseudo-bottom formed by step edges) up to the spray region. In the flow 
direction, measurements were performed at step edges and between them at 
dimensionless distances X0 = 0.25, 0.5 and 0.75 where X0 = x/Lcav, x is the distance 
from the upper step edge to the probe-tip and Lcav is the distance between step 
edges ( 22cav lhL += ; Figs. 5.5 & 5.14). 
For configurations 2 to 7 (configurations with vanes), measurements were also 
carried out systematically at three different spanwise locations z/b = 0, 1/4 and 1/2, 
where z is the transverse direction of the chute and b is the spacing between vanes. 
Herein z/b = 0, coincides with the channel centreline above a series of vanes in 
configurations 2, 4 and 6 (Figs. 5.5 & 5.14). In the directions parallel and normal to 
the flow, measurements were performed as for configuration 1. Such a systematic 
experimental programme provides a dense data set that will give clear information on 
the effects of the vanes on the highly turbulent aerated flows cascading down the 
stepped chute (refer to Appendices A and J for detailed experimental data obtained 
at every location within all configurations).  
Table 5.1 Detailed experimental investigations on moderate slope stepped chutes 
with turbulence manipulation 
Config. θo qw (m2/s) h (m) Re Remarks 
(1) (2) (3) (4) (5) (6) 
 21.8 0.1 to 0.22 0.1 4E+5 to 8.7E+5 
L = 3.3 m,  
W = 1 m 
1 b = W = 1m (no vane) 
2 b = W/4 = 0.25 m (3 vanes in line) 
3 b = W/4 = 0.25 m (3 vanes in zigzag every step) 
4 b = W/8 = 0.125 m (7 vanes in line) 
5 b = W/8 = 0.125 m (7 vanes in zigzag) 
6 b = W/8 = 0.125 m  (7 vanes in line every 2 steps) 
7 b = W/8 = 0.125 m  (7 vanes in zigzag every 2 steps) 
Notes: h is the step height; W is the chute width; L is the chute length 
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Figure 5.5 Sketch of a stepped invert with energy dissipation enhancers (vanes).  
5.3 Experimental Results 
5.3.1 Flow patterns 
For all experimental conditions, the water free surface was smooth and no air 
entrainment occurred at the upstream end of the cascade. After a few steps the flow 
was characterised by a strong air entrainment. Downstream, the two-phase flow 
behaved as a homogeneous mixture and the exact location of the interface became 
obscured. There were continuous exchanges of air and water, and of momentum, 
between the mainstream and atmosphere (e.g. Fig. 5.6), while intense cavity 
recirculation was observed. The mainstream air-water flow consisted of a bubbly flow 
region (C < 0.3), a spray region (C > 0.7) and an intermediate flow structure for 0.3 < 
C < 0.7, where C is the void fraction. 
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Next to the inception of free-surface aeration, the flow was rapidly varied. Side view 
observations suggested that some air was entrapped by a flapping mechanism in the 
step cavity(ies) immediately upstream of the visual location of free-surface aeration. 
In the presence of vanes, aeration of two to three cavities were seen upstream of the 
inception point, while aeration of only one to two aerated cavities was observed in the 
absence of vanes. Flow visualisations next to the chute sidewall and near the 
inception point of free surface aeration highlighted the effect of the vanes on cavity 
recirculation.  
a) Flow from top to bottom b) Flow conditions next to the inception 
point of flow aeration 
Figure 5.6 Photographs of skimming flows down stepped invert with vanes (config. 6, 
dc/h = 1.3) 
a) side view b) looking downstream 
Figure 5.7 Spray and droplet generation captured with high-shutter speed, (config. 
6, dc/h = 1.3). Note the water splashing in front of the trolley 
Although they did not interfere with the stream flow, the vanes appeared to be 
subjected to transverse fluctuating loads of the same period and in phase with 
observed cavity fluid ejections. Djenidi et al. (1999) and Chanson et al. (2002) 
Troughs
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discussed such fluid ejections in more detail for d-type roughness and for stepped 
chute flows respectively. Evidence of recirculation and fluid ejection traces were seen 
on the vanes when left to oxidise for a few days out of water, after being installed and 
taken out (Fig. 5.8). For all configurations, visual observations suggested the 
development of longitudinal troughs above the vanes, associated with some wake 
effect above each series of vanes. In Figure 5.6b such troughs can be observed 
upstream of the inception point of flow aeration. 
Figure 5.8 Recirculation traces observed on the aluminium vanes (in both cases the 
flow from upper left to lower right)  
5.3.2 Air-water flow properties 
Downstream of the inception point of free-surface aeration, detailed measurements of 
air-water flow properties (e.g. void fraction, air-water flow velocity, bubble frequency 
and turbulent intensity) were conducted systematically. For configurations 2 to 7 (with 
vanes), measurements were carried out systematically at locations z/b = 0, 1/4 and 
1/2, where z = 0 coincides with the channel centreline and with a vane for 
configurations 2, 4 and 6  (configurations with vanes in-line). For configuration 1 
(without vanes) measurements were performed at the channel centreline. 
Figure 5.9 presents a comparison of experimental dimensionless distributions of void 
fraction C, velocity V/V90, bubble frequency Fa*dc/Vc and turbulence intensity Tu 
obtained at step edge 9 for one flow rate (dc/h = 1.5) between configuration 1 (no 
vane) and configurations 2 and 3 (three vanes in line and in zigzag respectively), 
where V90 is the characteristic velocity at y = Y90, Fa is the bubble count rate, dc the 
critical flow depth, and Vc is the critical flow velocity. Figure 5.10 shows a comparison 
of experimental results obtained for the same conditions between configuration 1 (no 
vane) and configurations 4 & 5 (seven vanes in line and in zigzag respectively). 
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Figure 5.11 displays a comparison of experimental results obtained between step 
edges 9 and 10 at a streamwise location X0 = 0.25 between configuration 1 (no 
vane), 4 and 5 (configurations with three vane in line and in zigzag, respectively), 
where X0 = x/Lcav, Lcav is the cavity length and x is the streamwise distance from the 
upper step corner, X0 = 0 and 1 corresponds to the upstream and downstream step 
edges respectively (step edges 9 and 10).  Figure 5.12 displays a comparison of 
experimental results obtained between step edges (X0 = 0.25) for the same 
conditions in configuration 1 (no vane) and configurations 4 and 5 (configurations 
with seven vanes in-line and in zigzag, respectively). 
a) Air concentration distributions  b) Velocity profiles 
c) Turbulence intensity distributions d) Bubble frequency distributions 
Figure 5.9 Comparison of air water flow properties between configuration 1(No vane) 
and configurations 2 & 3 (3 vanes in-line & zigzag) at step edge 9 (dc/h = 1.5)  
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Symbology for Figure 5.9 
Configurations Symbols (C & Tu) Symbols (V/V90 and Fa*dc/Vc) 
1 (No vanes)   
2 (3 vanes in-line at z/b = 0.25)  ¡ 
2 (3 vanes in-line at z/b = 0.5) U S 
2 (3 vanes in-line at z/b = 0) ° ˙ 
3 (3 vanes in zigzag at z/b = 0.25) ¸ - 
3 (3 vanes in zigzag at z/b = 0.5) c z 
Hollow symbols represent C & Tu while filled symbols represent V/V90 and Fa*dc/Vc. 
 
a) Air concentration distributions b) Velocity profiles 
c) Turbulence intensity distributions  d) Bubble frequency distributions  
Figure 5.10 Comparison of air water flow properties between configuration 1(no 
vane) and configurations 4 & 5 (7 vanes in-line & zigzag) at step edge 9 (dc/h =1.5)  
Symbology for Figure 5.10   
Configurations Symbols (C & Tu) Symbols (V/V90 and Fa*dc/Vc) 
1 (No vanes)   
4 (7 vanes in-line at z/b = 0.25)  ¡ 
4 (7 vanes in-line at z/b = 0.5) U S 
4 (7 vanes in-line at z/b = 0) ° ˙ 
5 (7 vanes in zigzag at z/b = 0.25) ¸ - 
5 (7 vanes in zigzag at z/b = 0.5)  c z 
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a) Air concentration distributions  b) Velocity profiles 
c) Turbulence intensity distributions  d) Bubble frequency distributions  
Figure 5.11 Comparison between configuration 1(No vane) and configurations 2 & 3 
(3 vanes in-line & zigzag) at 25 % of the distance between step edges 9 & 10 (dc/h = 
1.5). Symbols as in Figure 5.9 
a) Air concentration distributions  b) Velocity profiles  
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c) Turbulence intensity distributions  d) Bubble frequency distributions  
Figure 5.12 Comparison between configuration 1(No vane) and configurations 4 & 5 
(7 vanes in-line & zigzag) at 25 % of the distance between step edges 9 & 10 (dc/h = 
1.5). Symbols as in Figure 5.10 
For all investigated configurations (1 to 7) air concentration distributions at step 
edges highlighted smooth profiles that followed closely an analytical solution of the 
bubble advective diffusion equation for y > 0: 
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where y is the distance normal to the pseudo-bottom formed by the step edges, Y90 is 
the characteristic distance, where C = 0.90 and K’ and D' are integration constants 
function of the mean void fraction only (Chanson and Toombes 2002c). Between 
step edges, strong aeration was recorded in the step cavities (i.e. y < 0; Figs. 5.11a 
and 5.12a). Overall, the results showed little effect of the vanes on the void fraction 
distribution results, although some differences were observed immediately above the 
vanes (z/b = 0) in configurations with three and seven aligned vanes (configurations 
2 & 4 respectively, see crosses in Figs. 5.9a and 5.10a). 
Velocity profiles demonstrated systematic vane effects that were not limited to the 
cavity flow but extended into the main stream. Velocity distributions showed low 
velocity regions in presence of vanes for y/Y90 < 0.6 to 0.7 at all transverse positions 
(z/b = 0, 0.25 & 0.5; Figs. 5.9b and 5.10b). Between step edges, a mixing layer 
separates the free-stream and cavity region. Velocity measurements between step 
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edges highlighted the developing shear layers downstream of each step edge, 
particularly for -0.3 < y/Y90 < +0.2 (Gonzalez and Chanson 2004b). These trends are 
highlighted in Figures 5.11b and 5.12b. A sketch of the separation region behind step 
edges is presented in Figure 5.13. 
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coherent structures & step face
 developing mixing layer  flow
 
Figure 5.13 Sketch of the developing boundary layer 
Turbulence intensity values for all investigated conditions showed high turbulence 
levels. Results corresponding to configurations with 3 and 7 vanes (in line or in 
zigzag) obtained between step edges were similar, showing consistently higher 
turbulence levels than in absence of vanes and demonstrating that vanes increased 
the turbulence level by around 40% (Figs 5.11c & 5.12c). Maximum turbulence levels 
were observed for configurations with vanes arranged in zigzag (configurations 3 & 
5), suggesting that the longitudinal distribution of the vanes has a larger effect on the 
turbulence levels than the number of vanes placed along the width of the chute. 
It must be noted that the turbulence intensity levels displayed characterize the 
streamwise turbulent velocity fluctuations only and they might not fully describe the 
observed physical turbulent processes. 
Bubble count rate distributions obtained for all configurations (1, 2, 3, 4 & 5) were 
similar at all transverse measurement locations (z/b = 0.25 & 0.5) except for those 
obtained with the probe located right above the vanes (z/b = 0), for which a region of 
lower bubble count rates was consistently observed for y/Y90 > 0.6 (Figs. 5.9d, 5.10d, 
5.11d and 5.12d), implying that the vanes had little influence on the amount of 
bubbles detected by the probe. Two extra configurations were also tested with further 
intricate geometries (7 vanes in-line and 7 vanes in zigzag placed every 2 steps; Fig. 
5.14) to evaluate the streamwise influence of the vanes in the flow.  
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a) Measurements between step edges b) Sketch of the measurements grid  
Figure 5.14 Configurations 6 & 7 Stepped chute with 7 vanes placed every 2 steps 
Figure 5.15 presents the comparison of the results obtained for configurations 6 and 
7 (configurations with vanes alternated every 2 steps) at a streamwise location, X0 = 
0.25 in between step edges 9 and 10 with those of configuration 1 (no vane). Note 
that for configurations 6 and 7, the measurement location corresponds to a cavity 
without vanes (see Fig. 5.14a). In terms of void fraction, velocity, turbulence intensity 
levels and bubble count rate distributions, no difference was observed among results 
for configurations 1, 6 and 7, despite the presence of vanes for configurations 6 and 
7, just upstream of the measurement location (in the cavity between step edges 8 & 
9). Such results suggest that streamwise effects of vanes are limited to one 
downstream cavity at most. Turbulent levels for configurations 6 and 7 were also 
similar to those observed for configurations with vanes placed at every step 
(configurations 2, 3 4 & 5) suggesting that configurations with vanes placed every 2 
steps did not further modify turbulence. In summary, present results for all 
configurations with vanes showed little effect of the vanes on the void fraction and 
bubble count rate distributions, but they had a strong influence on the air-water 
velocity and turbulence intensity levels. In terms of velocity distributions, results for 
configurations 2 to 5 (with vanes placed in every step) showed low velocity regions 
for y/Y90 < 0.6 to 0.7 at all transverse positions (z/b = 0, 0.25 & 0.5). In terms of 
turbulence intensity, results corresponding to configurations with 3 and 7 vanes (in 
line or in zigzag) showed similar turbulence levels while maximum turbulence levels 
were observed for configurations with vanes arranged in zigzag (configurations 3 & 
5), suggesting that the longitudinal distribution of the vanes has a larger effect on the 
turbulence levels than the number of vanes placed along the width of the chute. For 
configurations with vanes placed every two steps (configurations 6 & 7), results in 
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terms of void fraction, velocity and bubble count rate distributions were similar to 
results corresponding to configuration 1 (no vane) suggesting that streamwise effects 
of vanes were limited to one downstream cavity. Turbulent levels for configurations 6 
and 7 were similar to those observed for configurations 2, 3, 4 and 5 (with vanes 
placed at every step) suggesting that configurations with vanes placed every 2 steps 
did not further modify turbulence. 
a) Void fraction and dimensionless velocity distributions 
b) Turbulence and dimensionless bubble count rate distributions 
Figure 5.15 Comparison of air-water flow properties between configuration 1 and 
configurations 6 & 7 at 25 % of the distance between step edges 9 & 10 (X0 = 0.25; 
dc/h = 1.5) 
Symbology for Figure 5.15 
Configurations Symbols (C & Tu) Symbols (V/V90 and Fa*dc/Vc) 
1 (No vanes)   
6 (7 vanes in-line every 2 steps  
at z/b = 0.25) 
 ¡ 
7 (7 vanes in zigzag every 2 steps  
at z/b = 0.5) 
U S 
Hollow symbols represent C & Tu while filled symbols represent V/V90 and Fa*dc/Vc. 
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5.3.2.1 Discussion 
Velocity distributions, consistently with a wake region observed and recorded with the 
probe above the vanes (z/b = 0), showed a low-velocity region for y/Y90 < 0.6 (Figs. 
5.9b, 5.10b, 5.11b and 5.12b). Bubble count rate distributions obtained at the same 
locations (z/b = 0) showed a low-bubble frequency region for y/Y90 > 0.6 (Figs. 5.9d, 
5.10d, 5.11d and 5.12d). Holmes et al. (1996) proposed the existence of pairs of 
counter-rotating streamwise vortices or ‘rolls’ next to the wall in turbulent boundary 
layers, associated with a region of reduced velocity in the stream direction. Above the 
vanes, quasi-coherent wakes, somewhat similar to low-speed streaks, were seen 
interfering with the main stream. Such turbulent structures were best observed next 
to the inception point of free-surface aeration, but were believed to also occur further 
downstream. It is suggested that the effects of the vanes on the main flow were 
three-fold. First, the presence of vanes prevented the spanwise development of large 
coherent vortical structures in the step cavities (y < 0). Second, they enhanced the 
spray production and third they led to the appearance of longitudinal coherent ‘wake’ 
structures in the mainstream flow (y > 0). Such structures affect momentum 
exchange between cavity and stream flows, and in turn the energy dissipation rate.  
5.4 Flow resistance and mechanisms of energy dissipation 
In smooth channels, energy dissipation occurs predominantly through boundary 
friction and turbulent losses. On stepped cascades, additional energy dissipation 
mechanisms include cavity recirculation vortices beneath the mainstream, and 
momentum exchange between the main flow stream and the cavity recirculation 
zone. These are a type of form drag. In stepped canals with moderate slopes 
operating with skimming flows, both form losses and skin friction at the downstream 
end of each step contribute to dissipate the kinetic energy of the flow (Fig. 5.13). 
Experimental results in terms of flow resistance obtained for stepped spillways 
equipped with different vane arrangements are presented in this section. The results 
are developed in terms of equivalent Darcy-Weisbach friction factors fe. The rate of 
energy dissipation and hence the flow resistance were deduced from the average 
friction slope because the skimming flow on the chute was gradually varied (Chanson 
et al. 2002). In air-water flows, the cross-sectional averaged total energy per unit 
mass is called the total head H, and it is calculated as: 
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where θ is the slope of the pseudo-bottom formed by the step edges, z0 is the invert 
elevation, g is the gravity acceleration, C is the air concentration, y is the distance 
normal to the pseudo-bottom formed by the step edges, V is the local flow velocity 
and Y90 is the characteristic depth where C = 90 %. The friction slope Sf = (-dH/dx) is 
the slope of the total energy line, where x is the longitudinal coordinate positive in the 
flow direction. Sf is a measure of the rate of energy dissipation. The equivalent Darcy 
friction factors for air-water flows ef
~ were deduced from the friction slope as: 
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where qw is the water discharge per unit width. 
For the configuration with no vanes, equivalent friction factors fe were calculated 
based upon measurements conducted at step edges on the channel centreline. For 
all configurations with vanes, values were computed based upon measurements 
conducted at transverse distances z/b = 0, 0.25 and 0.5. Friction factors (fe) for 
configuration 1 (no vanes) are presented in Table 5.2, while friction factors 
corresponding to configurations 2 to 7 are presented in Table 5.3. Friction factor 
values for all investigated configurations are plotted in Figure 5.16 in terms of 
dimensionless water discharge dc/h, where dc is the critical depth and h is the step 
height. 
For each configuration with vanes, total average friction factor values ef  were 
calculated based upon data obtained at different transverse distances (z/b = 0.25, 0.5 
& 0) and for all investigated flow rates (dc/h = 1.1 to 1.7). Transverse average friction 
factor values ef
~
 were calculated for each tested flow rate averaging the data 
collected at the different transverse distances for the same configuration. Both 
averaged friction factors (i.e. total and transverse) are reported in Table 5.3. 
Figure 5.17 presents a comparison between friction factor values (fe) obtained in 
configuration 1 (no vanes), transversely averaged friction factors ef
~
 obtained in 
configurations 2 to 7 (with vanes) for all the investigated flow rates (dc/h = 1.1 to 1.7), 
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and friction factor results previously collected in the same facilities. Experimental data 
obtained in two stepped channels  (θ = 11.3 & 19o), with different step heights (h = 
0.025, 0.0393, 0.05 & 0.0785 m) by Yasuda and Ohtsu (1999) and data collected in 
channel 1 (θ = 16o, h = 0.1 m) are also presented for comparison. In Figure 5.17 the 
filled symbols correspond to the present study data (configurations 1 to 7) while 
hollow symbols represent previously collected data in stepped chutes without 
longitudinal vanes.  
 
Figure 5.16 Equivalent Darcy friction factors ef
~  for skimming flows in terms of 
dimensionless water discharge dc/h for all investigated configurations, where dc is the 
critical depth and h is the step height 
Table 5.2 Flow resistance estimates in channel 2 (θ = 22, h = 0.1 m) without vanes 
Config.1 (No vanes)
dc/h ef  
1.1 0.21 
1.3 0.21 
1.5 0.18 
1.7 0.18 
ef  0.16 
 
 
0.05
0.1
0.15
0.2
0.25
0.3
0.35
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
dc/h
f e
No vanes Config.2 z/b = 0 Config.2 z/b = 0.25
Config.2 z/b = 0.5 Config.3 z/b = 0.25 Config.3 z/b = 0.5
Config.4 z/b = 0 Config.4 z/b = 0.25 Config.4 z/b = 0.5
Config.5 z/b = 0.25 Config.5 z/b = 0 & 0.5 Config.6 z/b = 0
Config.6 z/b = 0.25 Config.6 z/b = 0.5 Config.7 z/b = 0.25
Config.7 z/b = 0 & 0.5
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Table 5.3 Flow resistance estimates in channel 2 (θ = 22, h = 0.1 m) with vanes 
Config. 2 (3 vanes in line) ef
~  3 (3 vanes in zigzag) ef
~  
dc/h z/b = 0 z/b = 0.25 z/b = 0.5  z/b = 0.25 z/b = 0.5  
1.1 0.24 0.17 0.19 0.2 0.14 0.21 0.17 
1.3 0.24 0.19 0.17 0.2 0.15 0.29 0.22 
1.5 0.31 0.14 0.13 0.19 0.21 0.29 0.25 
1.7 0.27 0.19 0.26 0.24 0.23 0.23 0.23 
ef  0.21  0.22  
Conf. 4 (7 vanes in line) ef
~  5 (7 vanes in zigzag) ef
~  
dc/h z/b = 0 z/b = 0.25 z/b = 0.5  z/b = 0.25 z/b = 0 & 0.5  
1.1 - 0.17 0.17 0.17 0.18 0.24 0.21 
1.3 - 0.17 0.18 0.7 0.21 0.31 0.26 
1.5 0.28 0.16 0.17 0.2 0.21 0.25 0.23 
1.7 - 0.17 0.16 0.16 0.22 0.17 0.19 
ef  0.21  0.22  
 6 (7 vanes in line every 2 steps) ef
~
 7 (7 vanes in zigzag every 2 steps) ef
~  
dc/h z/b = 0 z/b = 0.25 z/b = 0.5  z/b = 0.25 z/b = 0 & 0.5  
1.1 0.22 0.18 0.18 0.19 0.16 0.20 0.18 
1.3 0.26 0.17 0.19 0.21 0.12 0.24 0.18 
1.5 0.27 0.16 0.16 0.2 0.14 0.23 0.18 
1.7 0.37 0.12 0.16 0.22 0.21 0.35 0.28 
ef  0.21  0.21  
Notes: dc = critical depth, z is the transverse direction, b is the spacing between vanes  (z/b = 0 
coincides with the channel centreline and a series of vanes for configuration with vanes in line, 
z/b = 0 & 0.5 only occurs for configurations with vanes in zigzag, z/b = 0 coincides with the 
blunt edge of the vanes, while for the adjacent cavities z/b = 0 lies in the middle of the vanes. 
The present results imply total average Darcy friction factors ef of: 0.16, 0.21, 0.21 
and 0.20 for no vanes, 3 and 7 vanes in line and 7 vanes in line every 2 steps 
respectively; 0.22, 0.22 and 0.21 for 3 and 7 vanes in zigzag and 7 vanes in zigzag 
every 2 steps respectively (Table 5.2). 
Results corresponding to configuration 2 (3 vanes in line) and configuration 4 (7 
vanes in line) were identical. Both were slightly larger than those observed for 
configuration 6 (7 vanes in-line every 2 steps). Maximum total average friction factors 
ef  were observed for configurations with vanes in zigzag (configurations 3, 5 & 7). 
Total average friction factors ef  obtained were largest for configuration 5 (7 vanes in 
zigzag placed every step). Results corresponding to configuration 3 (3 vanes in 
zigzag) were identical to those for configuration 5 (7 vanes in zigzag). Results for 
both configurations with vanes placed at each step were larger than results for 
configuration 7 (Table 5.3).  
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Figure 5.17 Flow resistance estimates for skimming flows in moderately sloped 
channels. Symbols as follows:  
º ConFig. 1  (No vanes, θ = 22o)  ¢ Config. 7 (7 vanes in zigzag every 2 steps) 
S Config. 2 (3 vanes in-line)   θ = 16o, h = 0.1 m TC201, 
T Config. 3 (3 vanes in zigzag) U θ = 16o, h = 0.1 m (present study) 
  Config. 4 (7 vanes in-line) + θ = 22o, h = 0.1 m EV200 
¡ Config. 5 (7 vanes in zigzag)  θ = 22o, h = 0.1 m TC200 
z Config. 6 (7 vanes in-line every 2 steps) ¼ θ = 22o, h = 0.1 m YAS200 
The findings suggest that the presence of vanes might increase the flow resistance 
and the rate of energy dissipation (Fig. 5.16). Comparison of equivalent friction 
factors fe for configuration 1 (no vanes) with transversely averaged friction factors, ef
~
, 
for configurations 2 to 7 (with vanes) and previously collected friction factor data in 
moderate slope stepped spillways operating with skimming flow supported this 
statement (Fig. 5.17). The present results also suggested that the longitudinal 
distribution of the vanes has a larger effect on the flow resistance than its transverse 
arrangement. For example identical total average friction factor, ef , data were 
observed for configurations comprising 3 or 7 vanes in-line while differences were 
observed between results for configurations with 3 or 7 vanes in line and 
configurations with 3 or 7 vanes placed in zigzag. In turn, geometries with vanes 
every 2 steps did not further flow resistance.  
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It is believed that the presence of vanes prevented the transverse development of 
large-scale coherent structures in the cavities. This was associated with enhanced 
vertical mixing between recirculation zones and mainstream. The momentum mixing 
between cavity and free-stream was characterised by irregular fluid ejections, 
turbulent bursts and sweeps.  
It is also believed that the presence of vanes was associated with greater spray 
generation for all configurations with vanes. If the water mass flux in the ‘mist’ region 
is defined as: 
∫
=
=
⋅⋅−=
99
90
Yy
Yy
mist dyV)C1(q                                                                                               5.6 
where Y99 is the distance corresponding to C = 0.99. 
Experimental observations showed consistently that the dimensionless water flux in 
the mist, qmist/qw was about 5 – 10 % in the absence of vanes (configuration 1), and 
increased to about 20 – 30 % for configurations 2, 3 and 4 (with vanes). The largest 
mist flux was observed for configuration 2 although there was little difference among 
all configurations. 
5.5 Summary and conclusions 
Interactions between free-surface and cavity recirculation, as well as turbulence 
manipulation, were systematically investigated in skimming flows down a stepped 
chute in a large-size facility at large Reynolds numbers (Table 5.1). Seven stepped 
geometries were studied. For six of them, turbulence manipulators were introduced in 
the form of thin vanes or longitudinal ribs placed across the step cavity to block the 
development of three-dimensional recirculation cells within the step cavity, without 
intruding into the free-stream skimming flow (Figs. 5.5 & 5.14). Basic results 
demonstrated a strong influence of the vanes on the air-water flow properties of both 
free stream skimming flows and cavity recirculating flows.  Vanes had little effect on 
the void fraction distributions, but they had a strong influence on the air-water velocity 
and turbulence intensity levels, hence on the energy dissipation. The overall rate of 
energy dissipation was affected by the step configuration, and maximum form drag 
was observed with stepped configurations of 3 and 7 vanes in zigzag (configurations 
3 & 5). The presence of vanes had a threefold effect. The vanes prevented the 
spanwise development of large recirculating eddies in the step cavities; enhanced 
the spray and mist production; and contributed to the development of a wake region 
above each vane.  
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Overall this chapter provides information on the complex interactions between 
turbulence and flow aeration in flows with large Reynolds numbers. The results show 
that turbulence manipulation is achievable, and that the technique is applicable to 
embankment stepped chutes to enhance the energy dissipation ratio. The study 
demonstrated simple turbulence manipulation and form drag modification that could 
lead to more efficient designs in terms of energy dissipation. Such a technique does 
not place significant structural load on the chute and avoid extraordinary placement 
methods that might increase costs and construction times. Direct applications 
comprise overflow embankment dam stepped spillways. However the design of the 
embankment overflow chute is a critical process, as any protection failure can lead to 
embankment breaching and a total failure of the dam (refer to Appendix H for a 
detailed design criterion). 
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6 Microscopic-Scale Flow Structure 
6.1 Introduction 
Despite the renewed interest in stepped channel hydraulics during the last 3 
decades, most studies focused on their global (macroscopic) performance and only 
few attempts were made to explain the microscopic-scale composition of the highly 
turbulent air-water flows observed in stepped chutes (Chanson and Toombes 2002a; 
Toombes 2002). Stepped chutes are renowned for their energy dissipation and flow 
aeration potential, but the basic physical processes causing energy loss and air-
water mass transfer are not satisfactorily understood to date. The diverse flow 
conditions occurring in stepped canals (e.g. nappe, transition and skimming flow) 
complicate further the investigations in the microscopic scale flow structure.  
The present study comprised a dual approach. That is, an attempt to relate the 
microscopic-scale air-water flow structure with the macroscopic performances of 
moderate slope stepped spillways operating with skimming flows. Air-water flow 
characteristics were systematically measured with a fine double-tip conductivity 
probe (∅ = 0.025 mm) to obtain a detailed microscopic description of the multiphase 
flow properties. These results complement data obtained in previous chapters, 
including air concentration, velocity, turbulence intensity and bubble count rate.  
In this chapter, experimental air bubble/water droplet chord length distributions, 
bubbles/droplets clustering indices and spectral analyses are presented. It is the aim 
of this chapter to provide a zoom into the complex microscopic-scale structure of 
highly turbulent air-water flows occurring in skimming flows over stepped chutes with 
moderate slopes. A detailed investigation of the microscopic-scale effects on the 
highly turbulent aerated flow of turbulence modifying devices is also addressed. 
6.1.1 Bibliographic Review  
Strong interactions between flowing waters and atmosphere lead to substantial air-
water mixing and complex multiphase flow situations (Brocchini and Peregrine 2001). 
Since the 1960s, numerous researchers have studied gas entrainment in liquid flows 
focusing on low void fractions (C < 0.05) in relatively low Reynolds number flows 
(Bachalo 1994; Brocchini and Peregrine 2002; Jones and Delhaye 1976). Few 
research projects have investigated strongly turbulent flows associated with strong 
free surface aeration like high-velocity open channel flows (Chanson 1997a; Rao and 
Kobus 1971; Wood 1991).  
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Even less studies have investigated the microscopic scale structure of such strongly 
turbulent aerated flows (Chanson and Gonzalez 2004a; Chanson and Toombes 
2002a; Toombes 2002).  
Despite the differences in Reynolds numbers and air content ratios, some analogies 
between flows skimming over stepped chutes and flows skimming on d-type 
roughness elements (Djenidi et al. 1999) were observed by Chanson and Toombes 
(2002a), specifically in terms of the boundary layer flow development. Further, 
studies of turbulent boundary layer flows past D-type roughness with thin longitudinal 
ribs demonstrated turbulence manipulation by interfering with the recirculation cavity 
flows (Mochizuki et al. 1996). Most stepped chute designs comprised flat horizontal 
steps, but nowadays some are equipped with turbulence modification devices to 
enhance energy dissipation (Fig. 6.1).  
Present study,
Configuration (3 vanes in line)
Mochizuki et. al (1991,1993)  
Figure 6.1 Sketches of D-type macro-roughness and stepped chutes (not scaled). 
6.2 Experimental air-water flow measurements 
Measurements were conducted in a 22o slope stepped chute (h = 0.1 m) for flow 
rates ranging from 0.10 to 0.22 m3/s corresponding to a skimming flow regime. Seven 
stepped geometries were tested systematically (Table 5.1). Configuration 1 was a 
typical stepped chute comprising ten horizontal steps. For the subsequent 
configurations (2 to 7), the chute was equipped with vanes (ribs) placed across the 
step cavity from steps 2 to 10 as illustrated in Figure 5.5. For configuration 1 (without 
vanes), air-water flow properties were obtained with the double-tip probe located at 
the channel centreline at every step edge and in between them at dimensionless 
distances in the flow direction X0 = 0.25, 0.5 and 0.75 where X0 = x/Lcav, x is the 
probe-tip distance to the upper step edge and Lcav is the distance between step 
edges.  In the direction normal to the flow, measurements were conducted from y < 0 
(i.e. below pseudo-bottom formed by step edges) up to the spray region. For 
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configurations 2 to 7 (configurations with vanes), measurements were also carried 
out systematically at three different spanwise locations z/b = 0, 1/4 and 1/2, where z 
is the transverse direction of the chute and b is the spacing between vanes, z = 0 
coincides with the channel centreline above a series of vanes (Figs. 5.5 & 5.14). The 
dense experimental data grid may provide detailed information on the microscopic-
scale structure of the highly turbulent aerated flows cascading down a stepped chute 
and might hint the effects on the skimming flow of different arrangements of vanes 
placed throughout the chute. 
6.3 Double-tip conductivity probe signal analysis 
In highly aerated flow, the phase-detection intrusive probes are the most accurate 
methodology to record flow properties (Chanson and Toombes 1997; Crowe et al. 
1998). The effects of the probe on the bubbly flow properties were assumed 
negligible because of the small size of the probe tips, and the high velocity flow. This 
assumption is arguable, but the experimental results of Chanson (1995a), Cummings 
(1996) and Toombes (2002) tended to support it. The two resulting voltage signals 
obtained from the dual-tip probe sensors allowed measuring air-water flow properties 
(e.g. air concentration, flow velocity, turbulence intensity and bubble count rates). 
Detailed information on the microscopic-scale air-water flow structure maybe 
obtained by treating the signals as a time series (e.g. air bubbles/water droplets 
chord length distributions and clustering tendencies) and performing its spectral 
analysis.  
6.3.1 Air bubble and water droplet chord lengths 
In bubbly flows, an air bubble is commonly thought to be a discrete pocket of air 
completely surrounded by water. For regions of low air concentration (C < 0.3) it is 
reasonable to assume that such ‘air bubbles’ do exist. Similarly, in high air 
concentration regions (C < 0.7) the spray is likely to comprise water droplets 
completely surrounded by air. However, in the intermediate zone (0.3 < C < 0.7), the 
air-water mixture may be complex and difficult to describe. Using an intrusive phase-
detection probe aligned in the flow direction, only streamwise air-water structures 
bounded by air-water interfaces are detected as they pass by the probe tip (Fig. 6.2). 
It is impossible to identify the exact nature of the air-water flow because of the 
diversity in shape and size of the observed air bubbles and water droplets (e.g. 
spherical or irregular air-bubbles in water, water droplets in air with different semi-
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elliptical shapes, fluctuations near the free surface of the flow or combination of the 
above). The small probability of the probe tip piercing an air bubble/water droplet on 
its centreline further complicates the air-water flow structure identifying process. 
Instead the probe signal provides direct information on the chord length (size) and 
grouping tendencies of air bubbles and water droplets comprising the air-water flow. 
Figure 6.2 shows a hypothetical situation where a conductivity probe, fixed in space, 
measures properties in a skimming flow. The probe sensor measures the time 
between air-water interfaces as the probe tip detects them, providing the length of 
discrete air and water structures (cha and chw respectively). Note that the probe 
cannot determine if subsequent air-water interfaces form a contained bubble or 
droplet, a free-surface oscillation, or even belong to the same air or water entity.    
Cavity recirculation 
region (y < 0)
water 
chord length
air bubble
chord length
Flow 
direction
V ∆tair
time(s)
air
water
∆twater ∆tair spray region (C > 0.7)Intermediate zone  (0.3 < C < 0.7)bubbly region (C < 0.3)
5
6
7
 
Figure 6.2 Sketch of an air-water interface detected by the probe and flow regions 
The air bubble/water droplet chord lengths (cha and chw) were calculated assuming 
the velocity of detected bubbles Vb to be identical to the local interfacial velocity (no-
slip condition) as: 
wrbwaba tVchortVch ∆×=∆×=                                                                           6.1 
where ∆ta is the time between a water to air interface and the following air to water 
interface, ∆tw is the time between an air to water interface and the following water to 
air interface (Fig. 6.2). For skimming flows a broad range of chord lengths is usually 
observed and it is common to present the air-bubble chord length distribution of the 
sample in the form of a frequency histogram where the horizontal axis represents 
discrete intervals of chord length ∆L and the vertical axis represents the probability of 
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indicated chord sizes to be detected by the probe (Fig. 6.3). In bubbly flow most 
investigations present data regarding air-bubbles in water. For high air concentrations 
(0.7 < C < 1) it is more meaningful to discuss the air-water mix in terms of water 
droplets in air. The procedure is identical to that as for air, except substituting the 
water droplet chord length, chw for cha. 
The mean air bubble/water droplet chord length may be derived from the continuity 
equation for air or water as: 
)etwaterdropl(
F
)C1(V)Ch()airbubble(
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b
w
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b
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−==                                   6.2 
where Vb is the mean interfcial velocity, C is the time-average air concentration and 
Fa the number of air bubbles/water droplets impacting on the probe leading tip per 
second (bubble count rate). 
Figure 6.3 Air-bubble chord length distribution histogram for a location below the 
pseudo-invert formed by the step edges. 
6.3.2 Air water interface area 
The specific interface area, a, is the surface area between air and water per unit 
volume of the air-water mixture. The air-water interface area depends on the 
properties of the air-water flow, including void fraction, bubble size and bubble 
frequency. For an air-water mix consisting of spherical air-bubbles or water droplets 
of uniform diameter, the specific interface area may be estimated as: 
( ) )dropletswater(C16abubblesairC6a
wa ∅
−=∅=                                       6.3 
where C is the void fraction, ∅a is the air-bubble diameter and ∅w is the water droplet 
diameter. For non-uniform bubble size distribution, the local specific interface area is 
0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0.12
0.13
0.14
0.15
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 > 1
0
Chord length (mm)
ch
or
d 
fre
q.
(%
)
config.1 C=0.062,663 bubbles,y/h=-0.1
Chapter 6 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               130 
equal to  
∫∞ ∅∅∅= 0 aaa d
C)Pr(6a                                                                                                6.4 
where Pr(∅a) is the probability of air-bubble diameter ∅a. 
Intrusive phase detection probes (e.g. conductivity, optical fibre) used for 
experimental measurements do not measure bubble diameter, but chord length data 
and bubble frequency. For any bubble shape, size and chord length distribution, the 
mean chord length size, chair is given by equation 6.2 and the specific interface area 
may be calculated as: 
V
F4a a⋅=                                                                                                                     6.5 
where Fa is the bubble frequency (number of bubbles impacting the probe per 
second) and V the flow velocity, (identical to the bubble velocity Vb, assuming a no 
slip condition). Equations (6.3 to 6.5) were derived for spherical and ellipsoidal air 
bubbles and water droplets. For regions with high air content (C > 0.3 to 0.5) the flow 
structure is more complex and the specific interface area is simply proportional to the 
number of air-water interfaces per unit length of air-water mixture and should be 
calculated with: 
b
a
V
F2ka ⋅=                                                                                                                               6.6 
where κ is a function of the shape of the air and water structures, k = 2 is commonly 
used to calculate the specific interface area for any air concentration or bubble size 
distribution. 
6.3.3 Clustering analysis 
Clustering tendencies of air-bubbles and water-droplets were investigated at different 
locations. The clustering analysis was developed based upon several assumptions.  
In this study, only the streamwise distribution of air and water chords was considered, 
because the conductivity probes cannot detect bubbles/droplets travelling side by 
side along the width of the chute. A ‘cluster’ was defined as two or more particles (air 
bubbles/water droplets) closely grouped together one after another, travelling with 
the same velocity and distinctly separated from other particles before and after such 
a cluster/packet (Chanson 2002b; Chanson and Toombes 2001b). Based on an 
analogy with the wagons of a train (closely linked one after another), and with traffic 
platoons (where cars are coupled and move as one), a cluster of particles is referred 
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to as ‘convoy or platoon of particles’. 
In bubbly flow (C < 0.3) two bubbles were considered to form a convoy when they 
were separated by a water chord length (chw) smaller than one tenth of the mean 
water chord size ww ch1.0ch ⋅< , at the measurement point (Chanson 2002b). In 
spray region (C > 0.7) two droplets were assumed to form a convoy when they were 
separated by an air chord (cha) smaller than one tenth of the mean air chord size 
aa ch1.0ch ⋅< . In Figure 6.4, a hypothetical example of an air-bubble convoy 
comprising 5 air-bubbles in the air-water flow bubbly region is presented (the 5 
bubbles forming the platoon are separated from each other by water droplet chord 
lengths chw1, chw2, chw3, chw4 smaller than one tenth of the mean water chord size 
w4w3w2w1w ch1.0ch,ch,ch,ch ⋅< ). Ahead three bubbles that are not part of the convoy 
(the separation between them being w4w chch > ) are shown.  
convoy of 5 bubbles 3 non-clustered bubbles
chw2 chw3 chw4
chw5
chw1
chw6
 
 
Figure 6.4 Clustering in bubbly flow 
Other criterions were introduced to define a convoy. Chanson and Toombes (2001a) 
considered a convoy when two successive bubbles were separated by a water 
interface chw < 1 mm. Chanson (2002) used the criterion chw < cha of the bubbles 
immediately upstream, i.e. assuming the next bubble is in the near wake of the 
upstream bubble. 
Convoy forming analysis results provide information about the percentage of the 
detected bubbles/droplets that are grouped in convoys. It also gives information of 
the probability distribution function (PDF) of the number of bubbles/droplets per 
convoy.  
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6.3.4 Fourier spectral analysis 
The outputs from the double-tip probe are voltage signals that represent the number 
of bubbles striking sequentially both tips (leading and trailing). The two voltage 
signals obtained from the probe tips allow the measurement of air-water flow 
properties at different flow regions. These characterise the complex microscopic 
scale air-water flow structure. If the bubble piercing on the probe tips is considered to 
be a stochastic process, the power spectral density (PSD) function or auto power 
spectrum of the probe’s leading tip signal may provide some information on 
stationarity and periodicity of the signal and uncover some cyclical processes 
occurring in the air-water flow. Although this technique is still in its infancy, it may 
provide a powerful tool that could speed up processing times considerably. The PSD 
function or auto power spectrum of a voltage signal provides a measure of the power 
of the signal at a certain point in the frequency domain (Mulgrew et al. 2003; Stearns 
2003). Since the air-to-water/water-to-air interface lengths are a function of the 
velocity at which they are convected past the probe (local flow velocity V) and of the 
frequency f, the fluctuation of the air+water structure chord lengths impacting the 
probe can be inferred from the auto power spectrum (Fig. 6.5). A typical PSD or auto 
power spectrum is shown in Figure 6.5, where the vertical axis represents the energy 
density in (V2/s or J) and the horizontal axis is the frequency in Hz. 
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Figure 6.5 Example of a PSD obtained for channel 2(θ = 21.8o,h = 0.1 m) between 
step edges 9 & 10, X0 = 0.2, y/h = -0.26 (below pseudo-bottom), dc/h = 1.5, skimming 
flow. 
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Once a PSD was calculated, the data corresponding to frequencies between 0 and 1 
Hz were filtered using an algorithm from Press et al (1989a). Low-pass filtering the 
PSD aimed to ignore the information in the signal caused by air+water length scales 
λc larger than about 3 m (e.g. long period waves occurring in flow in phase with the 
pseudobottom) since the air+water length scale corresponding to a frequency of 1 Hz 
is 3 m for a 3 m/s flow velocity (λc = V/fc). As highly turbulent skimming flows 
comprise mainly small bubbles (cha ≤ 20 mm), this assumption should not affect the 
accuracy of the spectral analysis.  
6.4 Experimental Results 
6.4.1 Air-Bubble/ Water-Droplet chord sizes. 
Measurements conducted with the double-tip conductivity probe were analysed in 
terms of streamwise air or water structures bounded by air-water interfaces detected 
by the probe tip (Fig. 6.2). For configuration 1 (without vanes), reported data include: 
measurements obtained with the double-tip probe located on the channel centreline 
at step edge 9 and at X0 = 0.25 between step edge 9 & 10. For configurations 2 to 5 
(configurations with vanes), presented data include: measurements carried out at 
three different spanwise locations z/b = 0, 0.25 and 0.5, where z is the transverse 
direction of the chute and b is the spacing between vanes. For configurations with 
vanes in-line (configurations 2 & 4), z/b = 0 coincided with the channel centreline 
above a series of vanes. For configurations with vanes in zigzag (configurations 3 & 
5), z/b = 0 laid at half a distance in between vanes. 
A comparison of experimental chord length distributions obtained in the bubbly (C < 
0.3), spray (C > 0.7) and cavity recirculation (y < 0, C < 0.3) regions of the flow for 
configurations 1 (no vanes), 2 (3 vanes in-line), 3 (3 vanes in zigzag), 4 (7 vanes in 
line) & 5 (7 vanes in zigzag) is presented in this section. For configurations with 
vanes, measurements conducted at different longitudinal and transverse positions 
are compared to obtain a complete three dimensional characterisation of the vane 
effects on the flow. Most data deal with air-bubbles in water (i.e. C < 0.3). However, 
for high air-concentrations (i.e. spray region, 0.7 < C < 1), it is meaningful to discuss 
the air-water mix in terms of water droplets in air. Further, bubbly flow properties in 
the cavity recirculation region (y < 0) and in the free-stream (y > 0) are discussed. 
Figures 6.6 to 6.8 present typical probability distribution functions (PDF) of air-
bubble/water-droplets chord lengths for measurements collected at step edge 9 
along the channel centreline (z/b = 0) for all configurations and at different transverse 
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positions (z/b = 0.25 & 0.5) for configurations with vanes (2 to 5). Figure 6.6 displays 
data obtained at the channel centreline for all configurations, Figure 6.7 compares 
data obtained in configuration 1 with data collected at z/b =0.25 for configurations 
with vanes and Figure 6.8 presents a comparison of data collected in configuration 1 
with data corresponding to z/b =0.5. Figures 6.6a, 6.7a and 6.8a present air-bubble 
chord lengths (PDF) for measurements collected in the bubbly flow region (C > 0.3) 
while Figures 6.6b, 6.7b and 6.8b show water chord lengths PDF measured in the 
spray region (C > 0.9).  
For all presented histograms, the horizontal axis represents discrete intervals of 
chord length ∆L = 0.5 mm (i.e. 0.5 = 0.5 mm < cha < 1 mm) and the vertical axis 
represents the probability of bubble/droplet chord sizes in that interval occurring.  
a) Air-bubble chord length distribution at bubbly region (y > 0, C < 0.3) 
b) Water-droplet chord length distribution at spray region (C > 0.7) 
Figure 6.6 Chord length distribution histograms for configurations 1 to 5 obtained 
at the channel centreline (z/b = 0) in step edge 9, dc/h = 1.5, Re = 7.3 x 105. 
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a) Air-bubble chord length distribution at bubbly region (y > 0, C < 0.3)  
b) Water-droplet chord length distribution at spray region (C > 0.7) 
Figure 6.7 Chord length distribution histograms obtained at step edge 9, at the 
channel centreline for configuration 1 and at z/b = 0.25 for configurations 2 to 5, 
dc/h = 1.5, Re = 7.3 x 105. 
a) Air-bubble chord length distribution at bubbly region (y > 0, C < 0.3)  
f(a) bubbly flow above pseudo bottom (y > 0) and z/b = 0.25 
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b) Water-droplet chord length distribution at spray region (C > 0.7) 
Figure 6.8 Chord length distribution histograms obtained at step edge 9, at the 
channel centreline for configuration 1 and at z/b = 0.5 for configurations 2 to 5, 
dc/h = 1.5, Re = 7.3 x 105 
For all configurations, chord length distributions obtained at different transverse 
positions in the bubbly flow region above the pseudobottom (y > 0, C < 0.3) were 
similar (Figs. 6.6a, 6.7a and 6.8a), except at transverse locations (z/b = 0) where 
measurements were conducted above a vane (configurations 2 & 4 in Fig. 6.6a). 
Results in terms of the number of bubbles detected were also similar for all 
configurations at all transverse locations. In Figure 6.6a, a larger percentage of small 
bubbles (0 < cha < 1.5 mm) can be observed for configurations 2 & 4 (3 & 7 vanes in-
line respectively) than for configurations 1, 3 & 5 (no vanes, 3 and 7 vanes in zigzag 
respectively). Present data demonstrated that for all configurations the structure of 
the bubbly flow above the pseudobottom (y < 0, C < 0.3) did not vary much but at 
transverse locations (z/b = 0), where measurements were conducted above vanes, 
where air-bubbles were prone to stronger fragmentation. 
In chord length distributions corresponding to measurements within the spray flow 
region (C > 0.7) the same trend was observed. The structure of the spray flow was 
similar for all configurations at all transverse locations except at those above vanes 
(z/b = 0). The findings observed at step edges suggested that the presence of vanes 
only affected significantly the microscopic-scale structure of the flow above them, 
coinciding with observed longitudinal troughs associated with a wake effect above 
the vanes. Figures 6.9 to 6.11 present experimental probability distributions of 
bubble/droplet chord lengths for measurements conducted at 25% of the distance 
between step edges 9 and 10 (X0 = 0.25) along the channel centreline (z/b = 0) for all 
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configurations and at different transverse positions (z/b = 0.25 & 0.5) for 
configurations with vanes (2 to 5). Figure 6.9 displays data obtained at the channel 
centreline (z/b = 0) for all configurations, Figure 6.10 compares data for configuration 
1 (obtained at z/b = 0) with data collected at z/b =0.25 for configurations with vanes 
and Figure 6.11 presents a comparison of data collected in configuration 1 (obtained 
at z/b = 0) with data obtained at z/b = 0.5 for configurations with vanes. Figures 6.10a 
and 6.11a present air-bubble chord lengths (PDF) for measurements collected in the 
recirculating cavity region below the pseudo-bottom (y < 0, C < 0.3) while Figures 
6.9b, 6.10b and 6.11b show data measured in the bubbly flow region above the 
pseudo-bottom (y < 0, C > 0.3). Figures 6.9c, 6.10c and 6.11c show water chord 
lengths distribution functions for the spray region (C > 0.7). Note that above the 
vanes (z/b = 0), data cannot be recorded in the recirculating cavity region (y < 0).  
a) Air-bubble chord length distribution at bubbly region (y > 0, C < 0.3) 
b) Water-droplet chord length distribution at spray region (C > 0.7) 
Figure 6.9 Chord length distribution histograms obtained at the channel centreline 
(z/b = 0) and at X0 = 0.25 between step edges 9 and 10 for configurations 1 to 5, dc/h 
= 1.5, Re = 7.3 x 105 
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a) Air-bubble chord length distributions for configurations 1, 2, 4 & 5, at the cavity 
recirculation region below the pseudobottom (y < 0, C < 0.3)  
b) Air-bubble chord length distributions at bubbly region (y > 0, C < 0.3) 
c) Air-bubble chord length distributions at spray flow region (C > 0.7) 
Figure 6.10 Chord length distribution histograms obtained at the channel centreline 
(z/b = 0) at X0 = 0.25 between step edges 9 and 10 for configuration 1 and at z/b = 
0.25 and X0 = 0.25 for configurations 2 to 5, dc/h = 1.5, Re = 7.3 x 105. 
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a) Air-bubble chord length distributions for configurations 1, 2, 4 & 5, at the cavity 
recirculation region below the pseudobottom (y < 0)  
b) Air-bubble chord length distributions at bubbly region (C < 0.3). 
c) Water-droplet chord length distributions at spray region (C > 0.7)  
Figure 6.11 Chord length distribution histograms obtained at the channel centreline 
(z/b = 0) at X0 = 0.25 between step edges 9 and 10 for configuration 1 and at z/b = 
0.25 and X0 = 0.25 for configurations 2 to 5, dc/h = 1.5, Re = 7.3 x 105 
 
f(a) below pseudo bottom (y < 0) and z/b = 0.5 
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Results obtained at both transverse positions (z/b = 0.25 & 0.5) showed that the 
number of bubbles detected in the bubbly flow region above the pseudo-bottom was 
approximately twice as much as that in the recirculating cavity region (y < 0), for the 
same void fraction and data logging time for all configurations (Figures 6.10b, c and 
6.11b, c). Chord length distributions corresponding to the cavity recirculation region 
(y < 0) showed a wider range of larger bubbles than those within the bubbly flow 
region of the mainstream (y > 0, C < 0.3) for all configurations. Distributions obtained 
in the cavity recirculation region (y < 0) close to the vanes (z/b = 0.25) also showed a 
greater break-up for configurations 2 & 4 (configurations with vanes in-line; Fig. 
6.10a). In the spray region (C > 0.7), a broad range of droplet sizes was observed for 
data corresponding to all configurations and for all locations (Figs. 6.9c, 6.10c & 
6.11c). A local effect of the vanes at z/b = 0 in configurations 2 & 4 (with vanes in-
line) was also observed (Fig. 6.9a) coinciding with observations in spray region at 
step edge. Chord length distributions obtained at different transverse locations in 
bubbly flow regions within the mainstream (y > 0, C < 0.3) were similar for all 
configurations, except for those obtained above a vane (z/b = 0), where a higher 
break-up was believed to occur, in agreement with observations in bubbly flows at 
step edge. Chord length distributions for mainstream bubbly flows (y < 0, C < 0.3) 
obtained away from the vanes (at z/b = 0.25 & 0.5) were found to follow closely a log-
normal probability distribution function for all configurations (Fig. 6.12; Appendix G). 
Figure 6.12 Experimental and analytical air-bubble chord length probability 
distribution functions. Data obtained at z/b = 0 and X0 = 0.25 between step edges 9 & 
10 for configuration 1 and at X0 = 0.25 and z/b = 0.25 for configurations 2 to 5, dc/h = 
1.5, Re = 7.3 x 105. 
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6.4.2 Particle convoys 
The existence of particle platoons or convoys may be related to break-up, 
coalescence, and other processes. For example, in turbulent flows, air bubbles may 
be trapped in coherent structures. In a convoy, the particles are close together and 
the platoon is surrounded by a sizeable volume of the other phase. In the present 
section, the clustering tendencies (in the streamwise direction only) of bubbles and 
droplets travelling within the flow are presented.  
Analyses of air-bubble/water droplet convoys were performed at different locations in 
bubbly flow and spray regions, both at step edges and along the cavity between step 
edges 9 & 10 (i.e. X0 = 0.25) for all chute configurations (1 to 7). At step edges, 
measurements were obtained in the bubbly region above the pseudobottom (y > 0, C 
< 0.3) and in the spray region (C > 0.7; Fig. 6.13a, b). In between step edges data 
was also collected in the cavity recirculation region below the pseudo bottom (y < 
0;Fig. 6.14a). The results provided the percentage of the detected particles clustering 
in convoys and the probability distribution function (PDF) of the number of particles 
per convoy. Typical PDF’s obtained for configurations 1 to 7 are presented in Figures 
6.13 and 6.14. 
In terms of the amount of particles detected and the percentage of particles forming a 
cluster, data obtained at step edges in bubbly regions above the pseudo-bottom (y > 
0, C < 0.3) indicated similar results for all configurations despite the presence of 
vanes and their different arrangements. Similar amounts of bubbles (∼ 2000) were 
detected and approximately 39 % of the bubbles were part of a convoy. In the spray 
region (C > 0.9), the amount of droplets detected and the percentage of them forming 
convoys were also very similar for all configurations (∼ 2000 droplets were observed 
while ∼ 39 % of them formed convoys). Along the cavity in between step edges, data 
presented no difference with data obtained at step edge (Fig. 6.13b). 
In terms of the distribution of particles per convoy, PDF’s obtained at step edges in 
bubbly regions above the pseudo-bottom (y > 0, C < 0.3) indicated similar results for 
all configurations. The distributions also showed that 70% of the convoys comprised 
only two bubbles, 20 % of the convoys comprised 3 bubbles and only 10 % 
comprised 4 or more bubbles (Fig. 6.13a). In the spray region (C > 0.9), distribution 
functions also showed that 80 % of the convoys comprised two droplets, 15 % of the 
convoys contained 3 bubbles and only 5 % of the convoys included 4 or more 
bubbles (Fig. 6.13b). Along the cavity in between step edges, data obtained at 
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locations below the pseudo-bottom (y <0) in the cavity recirculation region (Fig. 
6.14a), and above the pseudo-bottom in bubbly flow region (Fig. 6.14b) showed 
similar clustering tendencies for all configurations. They were also very close to 
observations at step edge (Fig. 6.13a, b). Overall, the analysis showed that, in air 
water skimming flows, approximately 40 % of bubbles/droplets travelled together in 
convoys (streamlined platoons) and that a significant proportion of such convoys 
were formed by two-particles. This is in agreement with previous observations by 
Chanson and Toombes (2002a). Results also suggested that different vane 
arrangements did not affect the formation of convoys travelling in the streamwise 
direction. Air/water chord length and clustering analysis results further suggested that 
the flow structure (convoys) did not vary with the streamwise position X0 along the 
cavity length nor with the transverse position z/b along the span of the chute. 
(a) Air-bubbles clustering in bubbly region above pseudobottom (C ~ 0.1, y > 0)  
(b) Water droplet clustering in spray region (C ~ 0.9)  
Figure 6.13 Particle convoys distribution in bubbly and spray flow at the channel 
centreline in step edge 9 for configurations 1 to 7. (dc/h = 1.5, Re = 7.3 x 105, , θ = 
22o, h = 0.1 m) 
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Config.4 C = 0.829 , y/h = 0.72, 1818 droplets, 39.49 % droplets in convoys, 310 convoys
Config.5 C = 0.901 , y/h = 0.78, 1445 droplets, 39.58 % droplets in convoys, 239 convoys
Config.6 C = 0.94 , y/h = 0.82, 830 droplets, 48.67 % droplets in convoys, 176 convoys
Config.7 C = 0.757 , y/h = 0.77, 1182 droplets, 44.75 % droplets in convoys, 231 convoys
Clustering in the spray region (C > 0.9) at step edge 9 at z/b = 0
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(a) Air-bubbles clustering in bubbly region below pseudobottom (C ~ 0.1, y < 0) 
(b) Air-bubbles clustering in bubbly region above pseudobottom (C ~ 0.1, y > 0) 
(c) Water droplet clustering in spray region (C ~ 0.9)  
Figure 6.14 Clustering tendencies in bubbly and spray flow between step edges at X0 
= 0.25 and between vanes (z/b = 0.5) for configurations 1 to 7 (dc/h = 1.5, Re = 7.3 x 
105, θ = 22o, h = 0.1 m) 
6.4.3 Spectral analyses  
Spectral analyses of the probe leading sensor signal were conducted systematically 
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Config.4 C=0.091, y/h= -0.16,1222 bubbles, 42.47%  of bubbles in convoys, 211convoys
Config.5 C=0.082, y/h=-0.12 ,1249 bubbles, 42.05 %  of bubbles in convoys, 215 convoys
Config.6 C = 0.026 , y/h = -0.09, 121 bubbles, 51.24 %  bubbles in convoys, 23 convoys
Config.7 C = 0.04 , y/h = -0.05, 1177 bubbles, 34.41 %  bubbles in convoys, 174 convoys
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C onfig .1  C =0.056, y/h=0.14, 1952 bubbles, 36.16 %  of bubbles in  convoys, 299 convoys
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C onfig .6  C  =  0.096 , y/h  =  0 .3, 2687 bubbles, 41.72 %  bubbles  in  convoys, 457 convoys
C onfig .7  C  =  0.121 , y/h  =  0 .3, 2277 bubbles, 36.63 %  bubbles  in  convoys, 347 convoys
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Config. 1 C=0.912, y/h=0.74, 1952 droplets, 10.6 % of bubbles in convoys, 98 convoys
Config. 2  C=0.905, y/h=0.7, 1530 droplets, 11.11 % of droplets in convoys, 81 convoys.
Config.3 C = 0.93 , y/h = 0.82, 1168 droplets, 52.23 % droplets in convoys, 230 convoys
Config.4 C=0.917, y/h=0.74, 1424 droplets, 13.76% of droplets in convoys, 92 convoys
Config. 5 C=0.91, y/h=0.79 ,1389 droplets, 7.2 % of droplets in convoys, 48 convoys
Config.6 C = 0.909 , y/h = 0.92, 1308 droplets, 47.63 % droplets in convoys, 259 convoys
Config.7 C = 0.924 , y/h = 0.77, 1112 droplets, 47.93 % droplets in convoys, 212 convoys
Clustering in the spray region (C>0.9) and z/b=0.5 
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for several locations at step edges and between step edges at a dimensionless 
distance X0 = 0.25 along the cavity for configurations 1, 2, 4 & 5 (Table 6.1). For 
configuration 1 (without vanes), measurements were obtained at the channel 
centreline.  
For configurations 2 to 5 (with vanes), measurements were also carried out 
systematically at three different spanwise locations z/b =0, 0.25 & 0.5, where z is the 
transverse direction of the chute and b is the spacing between vanes, z = 0 coincides 
with the channel centreline above a series of vanes. A detailed summary of the 
analysed locations for configuration 1 (no vanes) is presented in Appendix F.   
Table 6.1 Experimental measurements analysed for Configuration 1 
Configuration 1(No vanes), θ = 22o, h = 0.1 m, dc/h = 1.5 
step 9 y (m) V (m/s) C Flow step 91 y (m) V (m/s) C Flow 
Filename    Region Filename    Region 
15s9_01 0.008 2.787 0.057 bubbly 15s91_01 -0.026 1.194 0.078 cavity 
15s9_05 0.02 2.942 0.07 bubbly 15s91_05 -0.01 1.499 0.062 cavity 
15s9_11 0.038 3.453 0.171 bubbly 15s91_06 -0.006 1.431 0.07 cavity 
15s9_14 0.047 3.61 0.408 intermediate 15s91_09 0.005 2.206 0.063 bubbly 
15s9_17 0.056 3.61 0.635 intermediate 15s91_12 0.014 2.787 0.054 bubbly 
15s9_19 0.062 3.61 0.762 spray 15s91_21 0.041 3.242 0.155 bubbly 
15s9_21 0.07 3.61 0.855 spray 15s91_25 0.053 3.453 0.345 intermediate 
15s9_23 0.078 3.694 0.901 spray 15s91_28 0.062 3.53 0.611 intermediate 
     15s91_30 0.07 3.694 0.782 spray 
     15s91_31 0.074 3.61 0.845 spray 
     15s91_33 0.082 3.694 0.912 spray 
Note: y = air-water flow depth in m, h = step height = 0.1 m, C = void fraction, V = local air-
water flow velocity and dc is the flow critical depth above the broad crested weir. 
A comparison of power spectrum distributions obtained at step edge 9 is presented in 
Figure 6.15. Data obtained in bubbly flow regions (C < 0.3) is presented in Figure 
6.15a while data corresponding to the spray regions (C > 0.7) is presented in Figure 
6.15b. Figure 6.16 presents a comparison of PSD recorded between step edges (X0 
= 0.25) at different flow depths, for the same flow rate as in Figure 6.15. PSD’s 
corresponding to measurements in the bubbly flow below the pseudo bottom formed 
by the step edges and within the cavity recirculation region are presented in Figure 
6.16a. Data obtained in the bubbly flow region above the pseudobottom (C < 0.3) are 
presented in Figure 6.16b. Similarly, data corresponding to measurements in the 
intermediate (0.3 < C < 0.7) and spray (C > 0.7) flow regions are shown in Figures 
6.16c & d respectively. 
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a) Bubbly flow region (C < 0.3)  
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b) Spray flow region (C > 0.7) 
Figure 6.15 Power spectral density functions at several measurement points at step 
edge 9 for configurations 1, 2, 4 & 5, dc/h = 1.5, Re = 7.3 x 105,h = 0.1 m, θ = 22o, 
skimming flow.  
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a) Recirculating flow region below the pseudobottom (y/h < 0, C < 0.3) 
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b) Bubbly flow region above the pseudobottom (C < 0.3) 
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c) Intermediate flow region (0.3 < C < 0.7) 
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d) Spray flow region (C > 0.7) 
Figure 6.16 Power spectral density functions at several measurement points in 
between step edges (X0 = 0.25) for configurations 1, 2, 4 & 5, dc/h = 1.5, Re = 7.3 x 
105,h = 0.1 m, θ = 22o, skimming flow 
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Overall, results for all presented configurations (i.e. configurations 1, 2, 4 & 5) 
showed consistently similar trends, irrespective of the presence of vanes. 
Disregarding the lowest frequency range, the spectrum consisted roughly of two 
zones best represented by two straight lines with different slopes S1 and S2 (Figure 
6.5). Each straight line represented respectively the power functions P1 ≈ f1S1 and P2 
≈ f2S2, where P denotes the value of the PSD and f is the frequency in Hz. Zone 1 
(slope S1) corresponded to the energy of the signal associated with the largest 
water+air length scales. Zone 2 (slope S2) represented the energy of the signal 
caused by the smallest length scales (Figure 6.5). No peak corresponding to a 
dominant frequency was observed, but a characteristic frequency (fc) corresponding 
to the change of slope was consistently noticed.  
Typical values of fc ≈ 100 to 200 Hz were observed for most PSD’s obtained at and in 
between step edges at all different flow regions (e.g. recirculating cavity, bubbly, 
intermediate & spray flow; Figs. 6.15 & 6.16). For the analysed conditions in the 
experimental stepped chute (dc/h = 1.5, skimming flow) the flow velocity was about V 
= 3 m/s. For such conditions a characteristic frequency fc ≈ 100 Hz corresponds to a 
length scale of λc = 3 mm. The physical meaning of the above-presented PSD is not 
yet fully understood, but its shape, including the slopes S1 and S2, and the 
characteristic frequency fc, are expected to characterise the signal periodicity, which 
is related the air+water length scale distribution in the streamwise direction, and 
hence to the air-water flow structure. In turbulent flow literature (Hinze 1975; Pope 
2000; Tennekes and Lumley 1972), the turbulent energy spectrum is usually divided 
into three zones: i.e., the energy containing range, inertial sub range and dissipation 
range for the largest frequencies. In the present study the same division does not 
apply because the basic signal is a voltage rather than velocity. But the overall shape 
is somewhat similar to the turbulent energy spectrum shape. 
6.4.4 Comparative results and physical interpretation 
A comparison of the spectrum analysis results is presented in Figures 6.17 & 6.18 in 
terms of the characteristic slopes S1 and S2. Figure 6.17 presents results obtained at 
step edges, while Figure 6.18 shows results between step edges (X0 = 0.25). In  
each graph, the results for configurations with vanes (configurations 2, 4, 5) are 
presented as symbols (diamond ¡, square  , triangle S). The results for 
configuration 1 without vanes are shown as horizontal dashed lines for comparison. 
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a) S1 values 
b) S2 values 
Figure 6.17 Comparison of characteristic values of slopes S1 and S2 obtained in 
different flow regions at step edge 9 for all configurations (dc/h = 1.5, Re = 7.3 x 105, 
h = 0.1 m,  θ = 22o) 
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b) S2 values 
Figure 6.18 Comparison of characteristic values of slopes S1 and S2 obtained in 
different flow regions between step edges (X0 = 0.25) for all configurations. (dc/h = 
1.5, Re = 7.3 x 105, h = 0.1 m,  θ = 22o) 
Figure 6.17 suggests that the slope S1 (zone 1), obtained at step edges for 
configuration 1, showed different values at different regions, with low values (S1 ~ 
0.8) recorded in the bubbly zone (C < 0.3) and larger values (S1 ~ 1.3) in the 
intermediate zone (0.3 < C < 0.7) and in the spray region (C > 0.7). The finding might 
suggest that the grouping of water+air structures with a length scale larger than λc 
varied with depth, void fraction and bubble count rate. The value of the slope S2 
(zone 2) was nearly constant (S2 ~ 3.2 to 3.8) throughout all vertical profiles at all 
regions, suggesting that the proportion of water+air structures with length scales 
smaller than the characteristic scale λc was roughly independent of, or insensitive to, 
the turbulent flow conditions and air-water flow properties. For measurements 
recorded above the step edge in configuration 1 (no vanes), the characteristic length 
scales λc was of the order of 5 mm (i.e. 3 < λc < 10 mm). For measurements in 
between step edges for configuration 1 (no vane), the values of S1 varied with depth. 
Large values (S1~ 1.4) were observed in the cavity recirculation region (y < 0) and 
the spray region (C > 0.7), lower values (S1~ 0.8) were obtained in the bubbly flow 
region above the pseudobottom (C < 0.3), and moderate values (S1~ -1.0) were 
found in the intermediate flow region (0.3 < C < 0.7; Fig. 6.18a). The values of S2 
were similar (i.e. S2 ~ 2.6 to 3.2) at all locations, except for measurements below the 
pseudo bottom (S2 ~ 4, y < 0; Fig. 6.18b). Length scales λc in between step edges 
were similar to those observed at step edge (~ 5 mm). 
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Based upon these results it is hypothesized that air-water structures with length 
scales larger than λc may vary with the air-water flow properties while air-water 
structures with length scales smaller than λc are insensitive to them. Values of S1 
and S2 corresponding to measurements in configurations 2, 4 & 5 (with 3 vanes in-
line, 7 vanes in-line & 7 vanes in zigzag respectively) are also plotted in Figures 6.17 
and 6.18. As for configuration 1 (no vane), values of the slope S1, obtained at step 
edges, changed with depth. In general, the values of the slope S1 corresponding to 
bubbly and intermediate regions coincided with observations with no vanes: S1~ 0.9 
for bubbly region and S1~ 1.3 for intermediate zone. However, the values of the 
slope S1 in the spray region (S1 ~ 0.8) differed from values recorded for 
configuration 1 (Fig. 6.17a). Values of the slope S2 recorded at step edge were 
nearly identical at every flow region for all investigated configurations (S2 ~ 2.3), 
although these were consistently lower than values observed for configuration 1  (Fig. 
6.17b).   
In between step edges, the values of the slope S1 for configurations 2, 4 & 5 were 
similar to those in configuration 1 in the bubbly flow regions above the pseudo bottom 
(S1 ~ 0.9) and intermediate zones (S1 ~ 1.3). They were however different in the 
cavity recirculation zones below the pseudobottom (S1 ~ 0.9) and in the spray 
regions (S1 ~ 0.9; Fig. 6.18a). The values of the slope S2 recorded in the 
intermediate flow zones (S2 ~ 2.4) were similar to those for configuration 1. Values of 
the slope S2 recorded in the cavity recirculation region below the pseudobottom, in 
the bubbly flows above the invert and in the spray region (S2 ~ 2.4) were consistently 
lower than those for configuration 1 (no vane; Fig. 6.18b). The findings might suggest 
that the structure of the air-water flow was affected by the presence of vanes, 
possibly more in the recirculating cavity region below the pseudobottom and in the 
spray region. This would be consistent with earlier findings (refer to sections 6.4.1 & 
6.4.2) suggesting that the presence of vanes contributed to the fragmentation of air 
bubbles and a greater spray generation. 
6.5 Conclusion 
Interactions between free surface and cavity recirculation, as well as turbulence 
manipulation were systematically investigated in the skimming flow regime down a 
stepped chute in a large size facility operating with highly turbulent skimming flows. 
Seven different stepped geometries were studied. Configuration 1 was a typical 
stepped chute comprising identical flat steps. For configurations 2 to 7, vanes were 
Chapter 6 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               151 
placed across the step cavity to block the development of three-dimensional 
recirculation cells in the step cavity without intruding into the free-stream skimming 
flow. At the millimetric and submillimetric scale, present results in terms of air-
bubble/water-droplet chord length distributions demonstrated that the microscopic-
scale air-water flow structure of the cavity recirculation, bubbly and spray flows was 
barely affected by the presence of the different vane arrangements, except at 
locations coinciding with the vanes (z/b = 0), where stronger air-bubble/water-droplet 
break-up were believed to occur, corresponding to observed longitudinal troughs 
associated with a wake effect above the vanes. Chord length distribution results also 
showed that bubbly flows above the pseudo-bottom comprised more bubbles 
(approximately twice as much) than recirculating cavity flows (y < 0, C > 0.3) for all 
configurations. However, recirculating cavity flows comprised larger bubbles than 
bubbly flows above the pseudo-bottom (y > 0, C > 0.3). Based upon the results, it is 
believed that the influence of the vanes on the microscopic break-up and 
coalescence processes occurring in the cavity recirculation, bubbly and spray flow 
regions is negligible. 
In terms of clustering tendencies, results showed that in skimming flows 
approximately 40% of the bubbles/droplets travelled together in convoys and that a 
significant proportion (∼ 75%) of such convoys were formed by two-particles. This is 
in agreement with previous observations by Chanson and Toombes (2002a). The 
results also suggested that different vane arrangements did not affect the formation 
of convoys travelling in the stream direction. They also suggested that the flow 
structure (particle convoys) did not vary much with the streamwise position X0 along 
the cavity length nor with the transverse position z/b along the span of the chute. 
Spectral analysis results suggest that air+water structures with length scales larger 
than λc may vary with the air-water flow properties while air+water structures with 
length scales smaller than λc are insensitive to them. The findings are consistent with 
results in terms of chord length distribution and clustering tendencies suggesting that 
the presence of vanes contributed to the fragmentation of air bubbles in the 
recirculating cavity region and a greater spray generation. In summary, this chapter 
discussed the complex interactions between turbulence and flow aeration in open 
channel flows with large Reynolds numbers. The results demonstrated further 
successful turbulence manipulation in high velocity free surface flows, and suggests 
that turbulence manipulation can be applied to stepped spillways to modify the 
microscopic scale air-water flow structure.  
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7 Conclusion and Summary of Thesis Work 
Stepped chutes have been used as hydraulic structures for more than 3.5 millennia 
mainly to dissipate energy and to enhance the flow aeration rate. Recently, new 
construction techniques and materials (RCC, rip-rap gabions, PVC coated gabions, 
etc.) together with the development of new applications (e.g. re-aeration cascades, 
fish ladders and embankment overtopping protection) have allowed cheaper 
construction of stepped chutes and increased the interest in staircase channels 
(Chanson 2002b; Ohtsu and Yasuda 1997). Despite this renewal, detailed 
information on their flow characteristics and performance is still limited. 
Most studies have investigated the global (macroscopic) performance of stepped 
chutes and focused on skimming flows down steep chutes (θ ~ 45o). Furthermore, the 
investigations were often conducted with limited measurement techniques and 
disregarded the flow aeration effects. 
The present study featured a detailed experimental investigation of the physical air-
water flow characteristics on moderate slope stepped spillways (15o < θ < 25o) 
operating with transition and skimming flows. The investigation included a twofold 
approach. Firstly, the study provided a systematic investigation of the energy 
dissipation properties of stepped channels with moderate slopes, based upon a 
detailed measurement of the air-water flow characteristics conducted with sub-
millimetric conductivity probes. The experimental data included air-water flow 
velocity, void fraction, bubble frequency and turbulence intensity. In skimming flows, 
the current study highlighted the tridimensionality of the flow and hinted at new 
means of enhancing flow resistance by manipulating turbulence. Turbulence 
manipulation was conducted by placing different vane arrangements throughout the 
chute along the channel span. Secondly, the study focused on the microscopic scale 
properties of the air-water flow to quantify the microscopic scale physical processes 
(e.g. momentum transfer, shear layer development, vertical mixing, air-bubbles/water 
droplets break-up and coalescence, etc.) that are believed to contribute to the flow 
resistance in stepped canals.  
Dynamic similarity and scale effects in stepped chute laboratory studies were also 
investigated. Basic dimensional analysis and experimental results highlighted the 
complexity of stepped chute hydrodynamics and the limitations of the Froude 
similitude. Experimental measurements were conducted on two large-size laboratory 
models: Channel 1 was a 4.2 m long, 1 m wide, 15.94o slope chute designed to test 
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two different stepped geometries (9 steps of h = 0.1 m or 18 steps h = 0.05 m), and 
Channel 2 was a 3.3 m long, 1 m wide, 21.8o slope channel with a stepped geometry 
of 10 identical 0.1m high steps. Both flumes comprised moderate slopes typical of 
embankments (θ = 15.94o, 21.8o) and operated with transition and skimming flow 
regimes. For a series of experiments conducted in Channel 2, 6 different 
arrangements of vanes (longitudinal thin ribs) were tested throughout the chute to act 
as turbulence manipulators. A broad range of discharges was investigated to obtain a 
reliable representation of the air-water flow properties measured using double tip 
conductivity probes.  
7.1 Macro-scale air-water flow properties in moderate slope stepped spillways  
7.1.1 General flow patterns  
For the investigated conditions, waters cascading down the stepped chute were 
divided into two separate flow regimes: transition and skimming flow regimes. For 
intermediate discharges, transition flow was observed. Strong hydrodynamic 
fluctuations, splashing and spray near the free surface were the main features of this 
flow regime. Different sized air cavities were noticed at several locations downstream 
the inception point. In both channels (θ = 16o & 22o), the upstream end of the 
transition flow regime was smooth and transparent with an undular free surface in 
phase with the stepped geometry. The flow accelerated in the downstream direction 
until the point of inception of air entrainment. Downstream of the inception point, 
significant splashing with bubbles and droplets jumping out of the flume (up to 1.5 m) 
and strong mist were observed. At the lowest flow rates differently sized air cavities 
were observed underneath the main stream, similar to a nappe flow. Further 
downstream, the air-water flow became gradually varied and its properties presented 
few variations.  
For larger discharges, the flow skimmed over the pseudo-bottom formed by the step 
edges as a coherent stream and intense recirculation cavities were observed 
between the step edges beneath the pseudo-invert. The recirculating vortices were 
maintained by the transmission of momentum and shear stress between the 
mainstream and the recirculation region downstream of each step edge. Two 
skimming flow sub regimes were observed. For the smallest range of flow rates, (SK1 
sub regime), a wake region forming downstream of each step edge with a 
recirculating vortex underneath was the main feature of this sub regime. Neither the 
wake nor the recirculating eddy did extend over the full step length. Downstream of 
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the recirculating cavity region, the water impacted in the horizontal part of the step. 
The water surface was observed to be undular and partly parallel to the horizontal 
steps. It also seemed to be in similar phase and wavelength to the stepped geometry. 
For the upper range of water discharges in Channel 1 (θ = 16o, h = 0.05 m), SK2 sub 
regime was observed. Under these conditions the wake and the recirculating eddy 
region extended the full length of the step sometimes interfering with the developing 
wake of the subsequent step. The water surface was observed to be parallel to the 
pseudobottom formed by the step edges most of the time. 
Observations also highlighted the three-dimensional nature of the fluid patterns within 
the wake and the recirculating eddies. Three to four cavity span wise re-circulation 
cells were observed across the channel width. The finding was consistent with 
previous observations on steeper slopes.  
7.1.2 Air concentration  
Air concentration distributions recorded for transition flows showed flat, straight 
profiles significantly different to skimming flow observations, suggesting a strong 
aeration of the flow for all slopes and flow conditions within transition flow regime. 
For skimming flows, void fraction distributions showed an inverted S- shape, 
commonly observed in smooth chutes. Void fraction data suggested a greater overall 
aeration of the flow between step edges. This effect was particularly observed in 
locations near to the pseudo-bottom (i.e. y/Y90 < 0.3). It is believed that inertial forces 
acting on air bubbles trapped in the core of the recirculating vortices enhanced cavity 
aeration and led to higher air content in the cavity flow and mixing layers developing 
downstream of step edges (Chanson and Toombes 2002a). 
7.1.3 Air-water flow Velocity 
Velocity data for transition flow regimes showed flat, straight, nearly uniform profiles 
at step edges for all flow conditions. It is believed that the strong turbulent mixing 
across the entire flow associated with large energy dissipation at every step yielded 
to the quasi-uniform velocity profiles.  
Air-water velocity data for skimming flows (SK1) compared reasonably with a power 
law. Data collected between step edges in channel 1 suggested greater flow 
velocities above the recirculation zone than at step edges highlighting the effects of a 
shear layer developing downstream from each step edge between the cavity 
recirculating region and the mainstream of the flow. 
Conclusion and Summary of Thesis Work 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               155 
7.1.3.1 Shear layer development downstream a step edge 
Detailed measurements were recorded at several locations between step edges at 
one cavity in channel 1 for skimming flow conditions. The results provided a better 
understanding of the shear layer development and the momentum exchange 
between mainstream and flow re-circulating vortices. Results compared successfully 
with analytical solutions of the motion equation for plane turbulent shear layers, and 
they followed a trend similar to free mixing layer in monophase flow, providing means 
to develop a relationship to calculate its growth and to predict the mean velocity 
distribution based upon a suitable shear-stress model. 
7.1.4 Air-water flow turbulence intensity 
Air-water flow turbulence intensity (Tu) profiles obtained for skimming flows in 
channel 1 showed very high turbulence levels ( > 100 %). Data collected for the 
same conditions between step edges suggested further greater turbulence intensities 
next to the downstream end of the cavity (X0 ≥ 0.5). The findings were consistent with 
visual observations of cavity fluid ejection and replenishment taking place primarily 
next to the cavity downstream end and with strong turbulent mixing throughout the 
entire flow. Chanson and Toombes(2002a) demonstrated that the turbulence level is 
directly linked to the number of entrained bubbles/droplets. Based upon the present 
results of this study, it is hypothesized that an increase in turbulent velocity may be 
also attributed to other factors, including particle collisions, break-up and 
coalescence affecting the interfacial velocity field. 
7.1.5 Air-water flow bubble count rate data 
Experimental bubble count rate distributions demonstrated that maximum bubble 
frequency for both regimes (transition and skimming flows) did not always occur for 
air concentrations of C = 0.5 but fluctuated with a decreasing tendency towards the 
downstream end of the chute, suggesting that at the downstream end of the chute, 
the flow had not yet achieved a uniform equilibrium flow status. 
7.1.6 Flow patterns in presence of turbulence manipulators  
Experiments in chutes equipped with vanes were conducted under skimming flow 
regime conditions only. Observed air-water flow patterns were similar to those of 
skimming flows in configurations without vanes. However, side view observations 
suggested that some air was entrapped by a flapping mechanism in the step 
cavity(ies) immediately upstream of the visual location of free-surface aeration.  
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In the presence of vanes, aeration of two to three cavities was seen upstream of 
inception, while only one to two aerated cavities were observed in the absence of 
vanes. Flow visualisations next to the chute sidewall and near the inception point of 
free surface aeration highlighted some effects of the vanes on cavity recirculation. 
Although vanes did not interfere with the stream flow, they appeared to be subjected 
to transverse fluctuating loads of the same period and in phase with observed cavity 
fluid ejections. For all configurations comprising vanes, visual observations 
suggested the development of longitudinal troughs above the vanes, associated with 
some wake effect above each series of vanes. 
7.1.7 Physical modelling of stepped spillways with moderate slopes and scale 
effects in terms of flow resistance.  
For skimming flows, friction factor results suggested that in average, the flow 
resistance increased slightly with the channel slope (Table 7.1). For the 16o slope 
chute, friction factor data also showed that maximum friction factor values occurred 
for the smallest step size (h = 0.05 m; Table 7.1). Although the geometrically similar 
models were scaled with a ratio of only Lr = 2, some form of scale effects in terms of 
flow resistance existed for the smallest experimental model (h = 0.05 m), suggesting 
that the flow resistance increased with the reduction in step size. 
For transition flows, friction factor results corresponding to the largest step size of the 
16o slope chute (h = 0.1 m), were larger in average than those observed in the same 
facility for skimming flows (Table 7.1). However, friction factor values corresponding 
to the smallest configuration (h = 0.05 m) were smaller than those observed in the 
same facility for skimming flow conditions. Although the friction factor data scatter 
does not permit any definite conclusion, results suggest that for transition flows, the 
flow resistance did not increase with the reduction in model size (Lr = 2) as observed 
for skimming flows.  
Table 7.1 Averaged friction factor values ef  for investigated geometries 
Channel  ef  
 Transition Skimming 
Channel 1 (θ = 16o)    
h = 0.1 m 0.21 0.12 
h = 0.05 m 0.12 0.18 
Channel 2 (θ = 16o, h = 0.1 m) na 0.19 
na = not applicable 
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The findings strongly suggest that the characteristics of highly turbulent air-water 
flows cascading down stepped chutes may experience scale effects even on large 
size facilities. Extrapolation of experimental data collected in small size models to a 
prototype, should be avoided. They also highlight that further experimental research 
is required to explain scale effects on the properties of the air-water flow occurring in 
stepped chutes. 
7.1.8 Scale effects in terms of air-water flow properties 
Air-water flow properties obtained for both stepped geometries (θ = 16o, h = 0.05 m & 
h = 0.1 m) with transition flows showed proper similarity in terms of velocity, turbulent 
intensity, mean air content Cmean, dimensionless flow velocity Uw/Vc and characteristic 
air water-flow velocity V90/Vc for both step sizes (h = 0.1 & 0.05 m). However, 
significant differences were observed in terms of air concentration and bubble count 
rate distributions. Higher air concentration values and lesser bubble count rates were 
observed for the smallest step height (h = 0.05 m) suggesting that about 30 to 50% 
less bubbles impacted the probe tip in measurements corresponding to the smallest 
configuration (h = 0.05 m). It is believed that stronger hydrodynamic fluctuations 
occurred in the smallest model leading to such large air concentrations.  
In skimming flows a proper dynamic similarity was observed in terms of air 
concentration C and air-water flow velocities V90/Vc. However significant differences 
were observed in terms of distributions of bubble count rates, distributions of 
turbulence levels, and air-bubble and water-droplet chord size distributions. 
Differences in turbulence intensity distributions were consistently observed, with 
lesser maximum turbulence levels and bubble count rates of about 30 to 50 % in the 
smallest configuration (h = 0.05 m). 
In terms of air-bubble/water droplet chord length distributions, bubble chord lengths 
were not scaled at 2:1. They were comparatively larger in the smallest configuration 
(h =0.05 m). Identical observations were made in terms of water droplet size 
distributions in the spray region (C > 0.9). In dimensional terms, the size distributions 
of the smallest bubbles and droplets were about the same for both step heights, but a 
broader range of large particles were observed for the largest step (h = 0.1 m). 
7.1.9 Flow resistance enhancement induced by turbulent manipulation  
For the stepped chutes equipped with vane arrangements along the step cavities, the 
energy dissipation was calculated based upon measurements taken at three different 
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locations: above vanes (z/b = 0), halfway between vanes (z/b = 0.5) and in between 
these two locations (z/b = 0.25). On average, results implied that the presence of 
vanes increased the flow resistance and the energy dissipation rates in stepped 
chutes. Maximum form drag was observed with stepped configurations comprising 3 
and 7 vanes in zigzag (configurations 3 & 5), suggesting that the longitudinal 
distribution of the vanes had a larger effect on the flow resistance than its transverse 
arrangement. More intrincate vane arrangements (vanes placed every 2 steps) did 
not further the flow resistance. In summary, the presence of vanes had a threefold 
effect. They prevented the spanwise development of large recirculating eddies in the 
step cavities; enhanced the spray and mist production; and contributed to the 
development of a wake region above each vane.  
The present study provides information on the complex interactions between 
turbulence and flow aeration in flows with large Reynolds numbers. The results show 
further that turbulence manipulation is achievable, and that the technique is 
applicable to embankment stepped chutes to enhance their energy dissipation 
properties. The triangular vane technique does not place significant structural load on 
the chute and avoids extraordinary placement methods that might increase costs and 
construction times.  
7.2 Micro-scale air-water flow properties in moderate slope stepped spillways 
Micro-scale air water flow properties were obtained with the sub-millimetric double-tip 
conductivity probe (∅ = 0.025 mm for each sensor). Micro-scale results comprised 
air-bubble/water droplet chord size distributions and air-bubble/water droplets 
clustering tendencies. Detailed information on the microscopic-scale air+water flow 
structure maybe also obtained performing the spectral analysis of the probe’s leading 
tip output voltage signal.  
7.2.1 Air-Bubble/ Water-Droplet chord sizes 
Results in terms of dimensionless air-bubble/water droplet chord length distributions, 
obtained in both configurations (θ = 16o; h = 0.1 m and h = 0.05 m) for transition and 
skimming flows showed consistent differences. Basically, recorded air-bubble/water 
droplet chord sizes were not scaled at 2:1, suggesting that air-bubbles and water 
droplets were comparatively larger in the smallest model. The amount of air-bubbles 
recorded in the smallest configuration (h = 0.05 m) was observed to be about 50 % 
less than that in the larger model (h = 0.1 m). Similar observations were made in 
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terms of water droplet size distributions in the spray region (C > 0.9). Dimensional 
air-bubble/water droplet chord length distributions showed that the sizes of the 
smallest bubbles and droplets were about the same for both step configurations (h= 
0.05 m and h = 0.1 m). However a broader range of large particles were observed for 
the largest model (h = 0.1 m). The findings imply drastic scale effects in terms of the 
number of detected air-bubbles and water droplets and in terms of their respective 
chord size distributions. 
7.2.2  Effects of turbulence manipulation in the micro-scale air-water flow 
structure 
Interactions between free surface and cavity recirculation, as well as turbulence 
manipulation were systematically investigated down a large size stepped chute 
operating with highly turbulent skimming flows. Seven different stepped geometries 
were studied. Configuration 1 was a typical stepped chute comprising identical flat 
steps. For configurations 2 to 7, vanes (longitudinal thin ribs) were placed across the 
step cavity to block the development of three-dimensional recirculation cells in the 
step cavity without intruding into the free-stream skimming flow. At the millimetric and 
submillimetric scale, the present results, in terms of air-bubble/water-droplet chord 
length distributions, demonstrated that the air-water flow structure of the cavity 
recirculation, bubbly and spray flow regions was barely affected by the presence of 
the different vane arrangements, except at locations coinciding with the vanes (z/b = 
0), where stronger air-bubble/water-droplet break-up were believed to occur. This 
finding is in agreement with observed longitudinal troughs that triggered a wake 
effect above the vanes. Chord length distribution results also showed that bubbly 
flows above the pseudo-bottom comprised more bubbles (approximately twice as 
many) than recirculating cavity flows (y < 0, C > 0.3) for all configurations. However, 
recirculating cavity flows comprised larger bubbles than bubbly flows above the 
pseudo-bottom (y > 0, C > 0.3). Based upon these results, it is believed that the 
influence of the vanes on the microscopic break-up and coalescence processes 
occurring in the cavity recirculation, bubbly and spray flow regions is negligible. 
7.2.2.1 Clustering tendencies 
In the present study, the formation of bubble/droplet convoys was investigated for 
measurements at different locations in bubbly flow and spray regions, both at step 
edges and along the cavity between step edges for all chute configurations (1 to 7). 
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For skimming flows, results obtained at and in between the cavity step edges within 
the cavity recirculation (y < 0, C < 0.3), bubbly flow (y > 0, C < 0.3) and spray flow (y 
> 0, C > 0.7) regions indicated similar clustering tendencies for all configurations. 
Results suggested that approximately 40 % of the bubbles/droplets travelled together 
in convoys and a significant proportion (∼ 75 %) of such convoys were formed by 
two-particles. This is in agreement with previous observations by Chanson and 
Toombes (2002a). They also suggested that the formation of particle convoys did not 
vary significantly with the streamwise position X0 along the cavity length nor with the 
transverse position z/b along the span of the chute. Furthermore, it was observed 
that the vane arrangements did not affect the formation of convoys travelling in the 
stream direction. 
7.2.2.2 Spectral Analysis 
Spectral analyses of the probe leading sensor signal were conducted systematically 
for several locations at step edges and between them along the cavity for 
configurations 1, 2, 3, 4 & 5. Overall, results for all configurations showed 
consistently similar trends, despite the presence of vanes. No peak, corresponding to 
a dominant frequency, was observed in the obtained PSD, but a characteristic 
frequency (fc) corresponding to the change of slope was consistently observed for 
most PSD’s obtained at and in between step edges at all different flow regions (e.g. 
recirculating cavity, bubbly, intermediate & spray flow). The physical meaning of the 
above-presented PSD is not yet fully understood, but its shape, including the slopes 
S1 and S2 and the characteristic frequency fc, are expected to characterise the signal 
periodicity, which in turn might lead to an accurate description of the air+water length 
scales comprising the air-water flow structure.  
The spectral analysis results suggest that air+water structures with length scales 
larger than λc may vary with the air-water flow properties while air+water structures 
with length scales smaller than λc are insensitive to them. The findings are consistent 
with results in terms of chord length distribution and clustering tendencies suggesting 
that the presence of vanes barely affected the microscopic air-water flow structure, 
except at locations coinciding with the vanes (z/b = 0). 
7.3 Future work 
The current study showed the application of the double-tip conductivity probe to 
measure detailed properties of highly turbulent air-water flows on stepped spillways 
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with moderate slope. However, the study was performed for only two moderate 
slopes, two step sizes and two types of flow regime. The present results 
demonstrated the complexity of the flow in stepped chutes and highlighted further 
research needs to fully understand its behaviour. Although the comparison of the 
systematic study of step sizes identified the scale effects on the flow properties and 
recommended guides to extrapolate results obtained in models to prototypes, a wider 
range of chute slopes must be investigated. Additionally, the present study was 
conducted in a relatively short flume were uniform flow conditions at the downstream 
end of the chute were not achieved. Flow resistance calculations might vary for 
longer chutes. 
The study also investigated the effect of turbulence manipulation on the air-water flow 
properties of moderate slope stepped chutes. Different vane arrangements were 
placed throughout the chute. Promising results demonstrated a strong influence of 
the vanes in the flow, both in the free stream and in the cavity recirculation region 
suggesting that simple turbulence manipulation modified the form drag, leading to 
more efficient designs in terms of energy dissipation. However, only 6 configurations 
were tested, and several researchers have proposed other techniques. 
Chord length and clustering analysis were performed to discover how the stepped 
configurations and turbulence manipulators affected the microscopic-scale air-water 
flow structure effects. Results uncovered key issues but major improvements to such 
analyses could save enormous processing time. Spectral analysis of the double-tip 
conductivity signal might be a powerful tool that could provide a complete picture of 
the microscopic-scale air-water flow structure. However such analysis is still in an 
early stage and is not completely understood. Further developments are needed to 
exploit its full potential. 
A direct application of this study is the improvement of overflow embankment dam 
stepped spillways and moderately sloped stepped chutes criterion designs (Appendix 
H). Different construction techniques and materials require a number of specific 
needs that need to be assessed when designing them, such as embankment 
seepage, drainage beneath the steps, and interaction of the flow at the chute 
sidewalls. Further research is needed to address such issues and improve design 
criterions.  
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Appendix A. Double-tip Conductivity Probe Data 
A.1 Description 
A double-tip conductivity probe was used to measure the air-water flow 
characteristics in two large moderate slope stepped chutes comprising horizontal 
steps (Table A.1). For channel 1(θ = 16o), two different step heights (h = 0.1 m & 0.05 
m) were modelled in the facility. For channel 2 only one step height (h = 0.1 m) was 
tested.  
Table A.1 Experimental stepped chute models 
 Length Width Slope Number Step height Step length 
 (m) (m) (θ)o of steps (m) (m) 
Channel 1       
Configuration 1 3.15 1 16 9 0.1 0.35 
Configuration 2 3.15 1 16 18 0.05 0.175 
Channel 2 2.5 1 22 10 0.1 0.25 
 
Air-water flow property measurements were conducted with the double-tip 
conductivity probe for a number of dimensionless flow rates dc/h at every step edge 
downstream of the inception point along the channel centreline. The scanning 
frequency was 20 kHz and the sample time was 20 s for each sensor, at each 
location. In channel 1 (θ = 16o) nine flow discharges within the range 0.6 < dc/h < 1.7 
were tested for configuration 1 (h = 0.1 m) while 12 flow rates within the range 0.7 < 
dc/h < 3.2 were measured for configuration 2 (h = 0.05 m). In channel 2 (θ = 22o, h 
=0.1 m) four discharges were measured. Flow conditions are listed in Table A.2 
including the point of inception of air entrainment and the observed flow regimes. 
For skimming flows in both channels (θ = 16o & 22o) measurements were conducted 
in the direction normal to the flow, from y = 0 (i.e. pseudo-bottom formed by step 
edges) up to the spray region. In the flow direction, measurements were performed at 
step edges and between them at dimensionless distances X0 = 0.25, 0.5 and 0.75 
where X0 = x/Lcav, x is the probe-tip distance from the upper step edge and Lcav is the 
distance between step edges ( 22cav lhL += ; Fig. A.1). For transition flow conditions 
(channel 1 only) measurements were conducted in the direction normal to the flow, 
from y = 0 up to the spray region. In the flow direction, measurements were 
performed on the chute centreline at step edges only. 
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Table A.2 Experimental flow conditions for double-tip probe measurements 
No. dc/h qw Inception of Flow  
  m2/s aeration (Step edge) Regime Ref. 
[1] [2] [3] [4] [5] [6] 
Channel 1 (θ = 16o), Configuration 1 (h = 0.1 m) 
1 0.835 0.0756 3 TRA1 Run16Q76 
2 0.6 0.0460 3 TRA1 Run16Q46 
3 0.7 0.0580 3 TRA1 Run16Q58 
4 0.9 0.0846 3 TRA1 Run16Q85 
5 1.0 0.0990 4 TRA2 Run16Q99 
6 1.1 0.1143 4 TRA2 Run16Q114 
7 1.2 0.1302 between 4 & 5 TRA2 Run16Q130 
8 1.3 0.1468 5 TRA2/SK1 Run16Q147 
9 1.4 0.1641 5 SK1 Run16Q164 
10 1.5 0.1820 6 SK1 Run16Q182 
11 1.6 0.2005 6 SK1 Run16Q200 
12 1.7 0.2195 6 SK1 Run16Q219 
Channel 1 (θ = 16o), Configuration 1 (h = 0.05 m) 
13 0.7 0.0205 4 TRA1 Run16Q20half 
14 0.9 0.0298 4 TRA1 Run16Q29half 
15 1.5 0.0643 8 SK1 Run16Q64half 
16 1.7 0.0776 8 SK1 Run16Q76half 
17 2 0.0990 10 SK1 Run16Q99half 
18 2.2 0.1143 12 SK1 Run16Q114half 
19 2.4 0.1302 13 SK1 Run16Q130half 
20 2.7 0.1550 14 SK1 Run16Q155half 
21 3.2 0.2000 15 SK1 Run16Q200half 
Channel 2 (θ = 22o), h = 0.1 m 
22 0.11 0.1143 6 SK1 Run22Q114 
23 0.13 0.1468 between 6&7 SK1 Run22Q146 
24 0.15 0.1820 between 6&7 SK1 Run22Q182 
25 0.17 0.2195 7 SK1 Run22Q219 
dc = critical depth, h = step height, qw = water discharge per unit width, 
TRA1 and TRA2 are the subregimes observed for transition flows, 
TRA1 is observed for the lower range and TRA2 for the upper range 
of transition flow rates. SK1 is the subregime observed in chutes with 
flat to moderate slopes (5.7o < θ < 30o). 
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Figure A.1 Experimental measurements between step edges for skimming flows 
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Basic results measured with the double-tip conductivity probe comprised void 
fraction, air-water flow velocity, bubble count rate, turbulence intensity and bubble 
chord size distributions.  Examples of such experimental distributions are shown in 
Figures A.2 to A.5. Detailed experimental data profiles obtained at every location 
measured are available in the data CD (Appendix G). Dimensionless results 
(obtained at step edges only) in terms of mean air content Cmean, maximum bubble 
count rate Fmax*dc/Vc, flow velocity Uw/Vc, normal flow depth d/h, characteristic depth 
at a void fraction C = 90%, Y90/dc, and air water-flow velocity at y = Y90, V90/Vc, for 
channels 1 & 2 are presented in Table A.3 to Table A.5, where dc and Vc are the 
critical depth and velocity of the flow respectively, Fmax is the maximum bubble 
countrate, y is the depth normal to the pseudo-bottom formed by the step edges, Y90 
is the depth at C = 0.9, Uw = qw/d , qw is the water discharge per unit width and 
∫ ⋅= 90
Y
0
mean dyCC  and ∫ ⋅−= 90
Y
0
dy)C1(d  
a) Air concentration C b) Velocity  
c) Bubble count rate d) Turbulence intensity 
Figure A.2 Examples of dimensionless experimental data distributions for channel 1(θ 
= 16o, h = 0.1 m), dc/h =1.5 step edge 7 
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Table A.3 presents results obtained for channel 1 (θ = 16o) with a step height of h = 
0.1 m while results obtained for channel 1 with a step height of h = 0.05 m are 
presented in Table A.4. Results for Channel 2 (θ = 22o) are shown in Table A.5. 
Table A.3 Mean air-water flow properties for channel 1, config. 1 (θ = 16o, h = 0.1 m) 
qw  (m2/s) dc/h Location Cmean Fmax*dc/Vc Uw/Vc d/h V90/Vc Y90/dc 
[1] [2] [3] [4] [5] [6] [7] [8] [9] 
0.046 0.6 step edge 3 0.48 6.75 3.15 0.19 2.17 0.60 
  step edge 4 0.57 8.43 3.34 0.18 2.49 0.69 
  step edge 5 0.55 11.14 3.44 0.17 2.65 0.63 
  step edge 6 0.55 12.37 3.28 0.18 2.28 0.67 
  step edge 7 0.60 12.42 3.99 0.15 2.28 0.62 
  step edge 8 0.59 11.78 3.58 0.16 2.18 0.67 
  step edge 9 0.64 12.72 4.59 0.13 1.99 0.59 
0.058 0.7 step edge 3 0.42 4.67 2.48 0.28 2.61 0.69 
  step edge 4 0.44 10.09 2.54 0.27 2.79 0.69 
  step edge 5 0.48 14.48 2.65 0.26 2.58 0.71 
  step edge 6 0.49 16.65 2.67 0.26 2.76 0.72 
  step edge 7 0.47 16.40 2.33 0.29 2.43 0.79 
  step edge 8 0.49 16.79 2.47 0.28 2.33 0.78 
  step edge 9 0.51 16.99 2.72 0.25 2.84 0.73 
0.0756 0.835 step edge 5 0.46 16.57 2.55 0.32 2.66 0.71 
  step edge 6 0.44 18.43 2.58 0.32 2.55 0.67 
  step edge 7 0.49 20.78 3.14 0.26 2.63 0.61 
  step edge 8 0.48 20.47 2.70 0.30 2.73 0.70 
  step edge 9 0.48 20.88 2.70 0.30 2.78 0.70 
0.0846 0.9 step edge 6 0.39 20.04 2.24 0.39 2.73 0.72 
  step edge 7 0.45 21.49 2.44 0.36 2.86 0.73 
  step edge 8 0.41 22.78 2.50 0.35 2.97 0.67 
  step edge 9 0.51 23.02 2.88 0.31 2.97 0.70 
0.099 1 step edge 5 0.41 26.56 2.54 0.38 2.86 0.65 
  step edge 6 0.35 22.36 1.99 0.49 2.67 0.75 
  step edge 7 0.44 24.63 2.76 0.35 2.76 0.64 
  step edge 8 0.41 26.56 2.54 0.38 2.86 0.65 
  step edge 9 0.55 23.50 2.92 0.33 2.81 0.75 
0.1143 1.1 step edge 5 0.44 16.18 2.55 0.42 2.73 0.69 
  step edge 6 0.45 23.38 2.60 0.41 2.78 0.69 
  step edge 7 0.37 27.43 2.64 0.41 2.79 0.59 
  step edge 8 0.38 28.42 2.44 0.44 2.83 0.64 
  step edge 9 0.43 28.99 2.84 0.38 2.83 0.61 
0.1302 1.2 step edge 5 0.40 16.98 2.46 0.48 2.65 0.66 
  step edge 6 0.41 22.68 2.38 0.49 2.71 0.70 
  step edge 7 0.37 28.72 2.53 0.46 2.79 0.61 
  step edge 8 0.34 30.88 2.45 0.48 2.91 0.60 
  step edge 9 0.42 29.63 2.77 0.42 2.83 0.61 
0.1468 1.3 step edge 5 0.37 13.89 2.25 0.47 2.48 0.58 
  step edge 6 0.43 22.43 2.24 0.48 2.58 0.65 
  step edge 7 0.39 29.19 2.29 0.46 2.64 0.57 
  step edge 8 0.35 31.44 2.36 0.45 2.67 0.53 
  step edge 9 0.41 29.12 2.42 0.43 2.67 0.56 
0.1641 1.4 step edge 6 0.40 20.93 2.23 0.49 2.56 0.58 
  step edge 7 0.39 29.03 2.30 0.46 2.58 0.54 
  step edge 8 0.32 32.96 2.31 0.45 2.63 0.48 
  step edge 9 0.37 33.29 2.34 0.47 2.63 0.54 
0.182 1.5 step edge 7 0.40 28.18 3.18 0.47 2.66 0.52 
  step edge 8 0.33 33.63 3.05 0.49 2.70 0.49 
  step edge 9 0.34 35.51 3.12 0.47 2.75 0.47 
0.2005 1.6 step edge 7 0.37 27.93 2.37 0.56 2.72 0.55 
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  step edge 8 0.44 32.28 2.38 0.48 2.73 0.53 
  step edge 9 0.37 34.74 2.40 0.52 2.76 0.51 
0.2195 1.7 step edge 7 0.36 22.91 2.37 3.39 2.63 0.46 
  step edge 8 0.37 29.99 2.38 3.51 2.72 0.49 
  step edge 9 0.39 31.16 2.40 3.55 2.75 0.50 
Note: Cmean = mean air content, Uw /Vc = dimensionless flow velocity, V90/Vc = 
dimensionless air-water flow velocity, Fmax*dc/Vc = dimensionless maximum bubble 
count rate, d/h = dimensionless normal flow depth, Y90/dc = dimensionless depth at C = 
90% and V90/Vc  = dimensionless air water-flow velocity at y = Y90. 
Table A.4 Mean air-water flow properties for channel 1, config. 2 (θ = 16o, h = 0.05 m) 
qw (m2/s) dc/h Location Cmean Fmax*dc/Vc Uw/Vc d/h V90/Vc Y90/dc 
[1] [2] [3] [4] [5] [6] [7] [8] [9] 
0.0205 0.7 step edge 5 0.58 4.75 4.01 0.17 2.63 0.60 
  step edge 6 0.54 5.36 3.13 0.22 2.40 0.70 
  step edge 7 0.57 6.05 3.84 0.18 2.68 0.61 
  step edge 8 0.57 6.65 3.24 0.22 2.34 0.71 
  step edge 9 0.55 7.34 3.24 0.22 2.93 0.69 
  step edge 10 0.54 7.08 3.01 0.23 2.90 0.72 
  step edge 11 0.59 7.84 3.00 0.23 3.26 0.81 
  step edge 12 0.48 8.83 2.63 0.27 3.31 0.73 
  step edge 13 0.55 7.28 3.10 0.23 3.06 0.71 
  step edge 14 0.59 6.82 3.67 0.19 2.97 0.66 
  step edge 15 0.61 6.30 4.63 0.15 2.59 0.56 
  step edge 16 0.55 7.97 3.17 0.22 2.76 0.69 
  step edge 17 0.57 7.33 3.47 0.20 2.98 0.67 
0.0298 0.9 step edge 5 0.56 5.59 2.55 0.27 2.78 0.69 
  step edge 6 0.51 17.85 2.59 0.27 2.68 0.61 
  step edge 7 0.55 7.75 3.31 0.27 2.88 0.68 
  step edge 8 0.48 8.85 3.01 0.30 2.84 0.63 
  step edge 9 0.55 8.83 3.59 0.25 2.93 0.62 
  step edge 10 0.50 9.01 3.41 0.26 2.91 0.58 
  step edge 11 0.63 8.27 3.94 0.23 2.98 0.69 
  step edge 12 0.50 9.68 3.65 0.25 3.52 0.55 
  step edge 13 0.67 9.38 3.97 0.23 3.10 0.76 
  step edge 14 0.53 11.44 3.32 0.27 3.37 0.64 
  step edge 15 0.68 8.78 3.87 0.23 3.03 0.81 
  step edge 16 0.55 10.39 4.44 0.20 3.42 0.51 
  step edge 17 0.66 9.64 4.29 0.21 3.03 0.68 
0.0643 1.5 step edge 9 0.37 13.04 2.45 0.60 2.98 0.64 
  step edge 10 0.27 15.04 2.41 0.61 3.08 0.56 
  step edge 11 0.40 14.38 2.50 0.59 2.76 0.66 
  step edge 12 0.26 16.37 2.41 0.61 2.85 0.55 
  step edge 13 0.41 16.16 2.90 0.51 2.93 0.57 
  step edge 14 0.31 18.21 2.72 0.54 3.08 0.52 
  step edge 15 0.39 15.78 2.42 0.61 3.25 0.67 
  step edge 16 0.33 18.73 2.73 0.54 3.08 0.54 
  step edge 17 0.37 18.63 2.55 0.58 3.08 0.61 
0.0776 1.7 step edge 9 0.30 10.71 3.22 0.52 2.89 0.43 
  step edge 10 0.26 13.72 2.59 0.64 3.00 0.51 
  step edge 11 0.35 14.45 2.50 0.67 2.95 0.60 
  step edge 12 0.28 18.44 2.51 0.66 3.11 0.54 
  step edge 13 0.39 17.61 2.59 0.64 2.97 0.62 
  step edge 14 0.26 19.25 2.48 0.67 3.29 0.53 
  step edge 15 0.37 17.74 2.41 0.69 3.05 0.64 
  step edge 16 0.28 20.90 2.46 0.68 3.16 0.55 
  step edge 17 0.37 19.52 2.59 0.64 3.11 0.60 
0.099 2 step edge 11 0.37 11.02 2.92 0.69 3.03 0.54 
  step edge 12 0.27 14.13 2.87 0.70 3.15 0.48 
  step edge 13 0.38 13.73 2.71 0.74 3.05 0.59 
  step edge 14 0.29 15.82 3.19 0.63 3.26 0.44 
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  step edge 15 0.39 15.85 2.79 0.72 3.09 0.59 
  step edge 16 0.27 18.30 2.69 0.74 3.21 0.51 
  step edge 17 0.35 16.27 2.73 0.73 3.15 0.56 
0.1143 2.2 step edge 13 0.32 11.75 2.50 0.80 3.06 0.53 
  step edge 14 0.20 14.86 2.64 0.75 3.26 0.43 
  step edge 15 0.37 14.30 2.62 0.74 3.13 0.54 
  step edge 16 0.26 17.79 2.58 0.78 3.07 0.48 
  step edge 17 0.32 15.63 2.69 0.79 3.23 0.52 
0.1302 2.4 step edge 14 0.20 14.37 2.59 0.80 3.12 0.42 
  step edge 15 0.37 14.31 2.64 0.77 3.12 0.50 
  step edge 16 0.23 15.25 2.56 0.86 3.12 0.47 
  step edge 17 0.27 15.05 2.59 0.87 3.17 0.50 
0.155 2.7 step edge 15 0.29 12.22 2.47 0.93 3.03 0.49 
  step edge 16 0.16 11.08 2.63 0.86 3.16 0.38 
  step edge 17 0.27 15.54 2.47 0.91 3.08 0.46 
0.16 3.2 step edge 16 0.22 11.23 2.46 0.98 3.23 0.46 
  step edge 17 0.23 13.65 2.41 1.10 3.31 0.53 
Note: Cmean = mean air content, Uw /Vc = dimensionless flow velocity, V90/Vc = 
dimensionless air-water flow velocity, Fmax*dc/Vc = dimensionless maximum bubble 
count rate, d/h = dimensionless normal flow depth, Y90/dc = dimensionless depth at C 
= 90% and V90/Vc = dimensionless air water-flow velocity at y = Y90. 
Table A.5 Mean air-water flow properties for channel 2 (θ = 22o, h = 0.1 m) 
qw  (m2/s) dc/h Location Cmean Fmax*dc/Vc Uw/Vc d/h V90/Vc Y90/dc 
[1] [2] [3] [4] [5] [6] [7] [8] [9] 
0.1143 1.1 step edge 6 0.46 19.23 2.55 0.39 3.15 0.72 
  step edge 7 0.45 25.44 2.82 0.36 3.15 0.66 
  step edge 8 0.39 30.81 2.57 0.38 3.21 0.63 
  step edge 9 0.38 30.08 2.67 0.39 3.21 0.63 
  step edge 10 0.41 34.49 2.94 0.33 3.46 0.56 
0.1468 0.13 step edge 7 0.35 18.27 2.71 0.04 3.49 0.64 
  step edge 8 0.42 20.54 2.53 0.05 3.51 0.80 
  step edge 9 0.34 26.77 2.64 0.05 3.60 0.72 
  step edge 10 0.32 35.59 2.62 0.05 3.63 0.68 
0.182 0.15 step edge 7 0.20 12.47 3.61 0.04 3.49 0.67 
  step edge 8 0.38 16.31 2.35 0.05 3.50 0.91 
  step edge 9 0.36 27.03 2.46 0.05 3.65 0.78 
  step edge 10 0.33 31.13 2.59 0.05 3.81 0.74 
0.2195 0.17 step edge 8 0.29 15.88 2.48 0.05 3.62 0.80 
  step edge 9 0.32 18.08 2.38 0.05 3.84 0.89 
  step edge 10 0.33 28.40 2.49 0.05 3.89 0.85 
Note: Cmean = mean air content, Uw /Vc = dimensionless flow velocity, V90/Vc 
= dimensionless air-water flow velocity, Fmax*dc/Vc = dimensionless 
maximum bubble count rate, d/h = dimensionless normal flow depth, Y90/dc 
= dimensionless depth at C = 90% and V90/Vc, = dimensionless air-water 
flow velocity at y = Y90. 
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Appendix B. Broad-crested Weir Observations and Water 
Discharge Measurements 
Two vertical point gauges were employed during the experiments to measure clear 
water depths along the centerline of the model at and upstream of the broad crested 
weir (Fig. B.1). One, located at 0.66 m upstream from the edge of the weir was used 
to measure the upstream total head of the flow. The second, located near the middle 
of the crest measured the critical clear water depth (dc) at the crest of the weir 
allowing flow rate calculation: 
( ) 3013cw zH3
2gdgq 

 −⋅⋅=⋅=                                                                               B.1 
where qw is the flow discharge per unit in m2/s, g is the acceleration of the gravity 
force and dc is the measured critical depth in m.  
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Figure B.1 Point gauges locations at and upstream of the broad-crested weir (view 
from upstream & section) 
B.1 Broad crest shape and water discharge calculations accuracy 
When measuring water discharges based upon depth measurements above a broad-
crested weir, two key criterions determine the accuracy of the water discharge 
calculations. One is the length of the crest, which has to be broad enough to achieve 
critical flow conditions (Chow 1959; Hager and Schwalt 1994; Henderson 1966) and 
the second is the head of the flow upstream of the crest Lcrest/(H1 - z0), which has to 
be large enough to guarantee that undular flow will not occur above the crest 
(Chanson 1995c) Seven water discharges ranging from 0.0089 to 0.219 m3/s, 
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corresponding to transition and skimming flows, were tested to guarantee the 
soundness of the crest design and the accuracy of the measured water discharges 
(Table B.1). Initially, the weir used in the present study was a 0.617 m long, 1 m wide 
and 0.989 m high broad crested weir with a rounded upstream corner, but was later 
modified to avoid measurement innacuracies. In the original crest, the upstream face 
of the weir was not even, but comprised a 0.14 m diameter rounded protuberance 
(hunchback) sticking out from the otherwise even upstream face (Fig. B.2). For the 
present study, the ratio of the crest length to the upstream head over the crest 
Lcrest/(H1-z0), where Lcrest is the crest length, H1 is the total head of the flow and ∆z is 
the height of the weir, was greater than 1.5 to 3 (Table B.1), implying that the crest 
was broad enough to achieve critical flow conditions for all the investigated 
discharges (Chow 1973, Hager and Schwalt 1994, Henderson 1966). Further, the 
ratio Lcrest/(H1-z0) > 10 guaranteed that undular flow conditions only occurred for the 
lowest discharge dc/W = 0.02 where W represents the channel width and dc is the 
flow critical depth, suggesting that water discharges obtained based upon point 
gauges measurements above the broad crest were likely to be accurate for all 
investigated conditions  
 
Figure B.2 Sketch of the broad crested weir (distorted scale) 
Table B.1 Flow rate measurements at the centerline of the weir 
No dc/W H1/W qw (m2/s) Lcrest/(H1- z0)  (H1- z0) /Lcrest 
[1] [2] [3] [4] [6] [7] 
1 0.02 0.023 0.0089 26.82 0.037 
2 0.05 0.081 0.0350 7.61 0.131 
3 0.06 0.0985 0.0460 6.26 0.159 
4 0.08 0.1285 0.0709 4.8 0.208 
5 0.13 0.185 0.1468 3.33 0.3 
6 0.15 0.208 0.1820 2.96 0.337 
7 0.17 0.23 0.2195 2.68 0.373 
W = 1 m, Lcrest = 0.617m, z0 = 0.989m,H1 = total head of the flow 
upstream of the crest, dc = critical depth, 
3
cw gdq =  
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B.2 Experimental observations 
Despite the sound design of the crest (i.e. critical conditions occurred in the crest and 
undular flow was not observed for most of the investigated flow conditions), two 
corner eddies were observed near both side walls just upstream of the crest. The 
eddies began being small but at different intervals started to grow spanwisely until 
they covered one quarter of the crest width each. When this occurred, they were 
flushed out causing a surge that induced the water levels above the crest to increase. 
Water depths recuperated their original height immediately after (Fig. B.3). It was 
believed that both corner eddies were caused by the large roughness of the wall 
upstream of the crest weir (i.e. as the wall was made out of brick, the rough junctions 
between bricks were thought to trigger the formation of the vortices). It was also 
believed that the hunchback enhanced the water depth oscillation observed above 
the crest weir, as periodical abrupt flow ejections coming from below the 
protuberance were believed to occur.  
 
Fig. B.3 Corner eddies and flow ejections from below the hunchback 
Although the vernier scale accuracy of the gauges in the direction normal to the flow 
was ∆y = 0.1 mm, the visual positioning and the presence of the two corner eddies 
near the side walls, immediately upstream the weir, caused some small periodical 
water level oscillations above the weir. Thus reducing the accuracy of the instruments 
to ∆y < 1 mm. For a range of flow rates, ranging from 0.0089 to 0.219 m2/s, velocity 
and pressure distributions were also measured above the weir with a Pitot-Prandtl 
tube. The velocity distributions were then integrated to predict the flow rate on the 
weir crest centerline: 
∫ ⋅= c
d
0
w dyV'q                                                                                                              B.2 
where V is the local velocity measured with the Pitot tube (Eq. 2.2). 
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A comparison of experimental velocity and pressure distributions measured with the 
Pitot tube above the broad crested weir was performed for six flow conditions (dc/W = 
0.02, 0.05, 0.08, 0.11, 0.13 & 0.15). Two different scenarios were tested due to the 
observed water level oscillation above the crest weir. Scenario 1, corresponded to 
measurements in oscillating water level conditions, with the point gauge tip 
positioned touching the water surface approximately 50 % of the sampling time and 
the air the rest of the time. For the second scenario, the point gauge was slightly 
moved down allowing the tip to touch the water surface above the crest at all times 
(despite the water level oscillation). Results for both scenarios (1 & 2) are presented 
in Figure B.4 where P is the stagnation pressure of the flow, γ the specific weight of 
water, y the depth above the weir, dc the critical depth, V is the flow velocity and Vc is 
the critical velocity of the flow. 
Results showed that measurements for both scenarios (1 & 2) are nearly identical for 
all conditions except for small discharges (dc/W < 0.05). Such findings suggested that 
the flow properties above the broad crested weir were barely affected by the 
observed water level oscillation caused by the two corner eddies. They also 
suggested that abrupt flow ejections coming from below the protuberance did not 
occur or if they did occur they did not affect the flow properties above the crest 
significantly. 
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dc/W = 0.13 dc/W = 0.15 
Figure B.4 Dimensionless velocity and pressure profiles above the crest for scenario 1 
()V/Vc ,( )P/γdc and scenario 2 (™)V/Vc,(#) P/γdc 
B.3 Water discharge comparison 
A comparison of water discharges obtained from Pitot-tube velocity profiles with 
water discharges obtained based upon point gauge measurements, was also 
performed to verify experimental measurements in both scenarios (1, gauge tip 50% 
of the time in water and 50% of the time in air & 2, gauge tip touching the water 
surface all the time). Experimental flow conditions are presented in Table B.2 while 
experimental data are presented in Figure B.5, where dc is the critical depth, qw is the 
water discharge calculated upon point gauge measurements (Eq. B.1) and q’w is the 
flow rate computed upon Pitot tube measurements (Eq. B.2).  
Table B.2 Pitot tube and point gauge depth measurements at the crest. 
  Scenario 1 Scenario 2 
No H1/W dc/W qw  q'w dc/W qw q'w 
    m2/s m2/s  m2/s  
[1] [2] [3] [4] [5] [6] [7] [8] 
1 0.023 0.02 0.0089 0.0064 0.0195 0.0085 0.0061 
2 0.081 0.05 0.0350 0.0321 0.0492 0.0342 0.0383 
3 0.0985 0.06 0.0460 0.0504 0.0598 0.0458 0.0541 
4 0.1285 0.08 0.0708 0.0762 0.0788 0.0692 0.0758 
5 0.1645 0.11 0.1142 0.1172 0.1016 0.1014 0.1157 
6 0.185 0.13 0.1467 0.1434 0.1273 0.1422 0.1237 
7 0.208 0.15 0.1819 0.1717 0.1455 0.1737 0.1640 
Note: W = 1 m, Ht = total head of the flow, dc = critical depth, 3cw gdq =  (point 
gauge data), ∫ ⋅= c
d
0
'
w dyVq  (Pitot tube data). 
Figure B.5a presents a comparison between water discharges calculated upon point 
gauge measurements, qw, for both scenarios while Figure B.5b shows a comparison 
between water discharges obtained with both instruments (qw and q’w) for both 
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scenarios. In Figure B.5a, qw values measured for scenario 1 showed a discrepancy 
of less than 5 % with results corresponding to scenario 2 (gauge’s tip fully immersed 
in water), the comparison presented in Figure B.5a is not conclusive, since it does 
not help to choose which scenario (1 or 2) is the best practice. In Figure B.5b 
discharges derived from Pitot tube measurements are within 5 % of point gauge 
measurements in scenario 1 while they differ by approximately 10 % in scenario 2. 
Since Equation B.3 is the most direct measurement technique, the results imply that 
point gauge data based upon scenario 1 are the most accurate. Pitot-tube 
measurements validated the use of point gauges to measure water discharges. 
a) Point gauge measured water discharges, qw, for both scenarios 
b) Point gauge and Pitot tube measurements, qw & qw’ for both scenarios 
Figure B.5 Flow rate measurements for scenarios, 1 (gauge tip 50 % of the time in 
water and 50% of the time in air) & 2 (gauge tip all the time in water) 
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B.4 Effect of the upstream crest shape 
The upstream face of the weir was modified during the course of the project. The 
‘hunchback’ was eliminated and replaced with a straight vertical face with rounded 
corners (Fig. B.6). 
 
Figure B.6 Modifications to the broad crested weir’s upstream face 
For a range of flow rates (0.6 < dc/h < 1.5), measurements were conducted along the 
centreline of both, original and modified crests at three different locations to 
investigate the development of the boundary layer in the crest and to assess the 
effect of the ‘protuberance’ on the flow above the crest. Measurements were 
collected at dimensionless longitudinal distances x/Lcrest = 0.16, 0.32 & 0.46, where x 
is the longitudinal distance from the upstream corner of the crest and W is the width 
of the chute (W = 1 m; Fig. B.6). All water depth measurements were conducted with 
the point gauge touching the water surface 50 % of the time (scenario 1). 
A comparison of the results in terms of velocity and pressure distributions is 
presented in Figure B.7. Data corresponding to the original crest (with the 
protuberance at the upstream face) are presented with filled symbols and data 
corresponding to the modified crest are displayed with hollow symbols. For all 
measured conditions (dc/h = 0.6,1.3 & 1.5), velocity data obtained at locations x/Lcrest 
= 0.32 & 0.46 were similar crest configurations (original and modified). Data obtained 
at x/Lcrest = 0.16 showed slightly smaller velocities for the original crest design.  
In terms of pressure distributions, the data was very similar for all measured 
conditions at all different locations, demonstrating that the pressure distributions were 
hydrostatic and that the critical depth occurred for both crests, original and modified. 
Present findings suggested that the ‘protuberance’ in the original crest did not 
influence significantly the flow above the crest. 
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dc/W = 0.06   
dc/W = 1.3   
dc/W = 1.5   
Figure B.7 Dimensionless velocity and pressure profiles measured above both original 
and modified crests at dimensionless longitudinal distances x/Lcrest = 0.16, 0.32 & 0.46 
for all flow conditions dc/h = 0.6, 1.3 & 1.5, where P is the stagnation pressure of the 
flow, γ the specific weight of water, y the depth above the weir and dc the critical depth. 
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Appendix C. Comparison between Double-tip and Single- 
tip Conductivity Probe Data 
The current study includes experimental measurements of air-water flow properties 
down a stepped cascade collected using two types of conductivity probes. In this 
appendix, measurements were conducted to compare the performances of the 
double tip conductivity probe (φ = 0.025 mm) with the single-tip probe (φ = 0.35 mm). 
It is generally believed that the single-tip probe with a larger electrode size (φ = 0.35 
mm) misses a significant proportion of small bubbles (< 1 mm) and underestimates 
the bubble count rate. This was previously observed by Chanson and Toombes 
(2002a) in a skimming flow situation down a 22o stepped chute.  
For skimming flow conditions (dc/h = 1.5), with an average bubble velocity of 3.5 m/s 
and using a scanning frequency of 20 kHz, both probes may not detect chord lengths 
of less than 0.175 mm nor bubbles with chord lengths smaller than the probe tip (φ = 
0.35 mm for the single-tip conductivity probe and φ = 25 µm four the dual-tip probe). 
In turn, the accuracy of the chord length measurements using the single and the 
double tip probe was estimated as ∆ch < 0.35 mm and ∆ch = 0.2 mm respectively. 
Toombes (2002) showed that a scanning period of 10 s was long enough to provide 
a reasonable representation of the flow characteristics while maintaining realistic time 
and data storage constraints. 
Experiments were performed at identical locations and for identical flow conditions 
using both probes (single & dual tip) with a scanning period and frequency of 20 s 
and 20 kHz respectively, in a 22o stepped chute comprising 7 vanes across the step 
cavity throughout the entire chute (configuration 4, Channel 2, θ = 22o, h = 0.1 m, 7 
vanes in-line, Fig. C.1).  
Measurements were performed with the probes placed at and in between step edges 
9 and 10 at X0 = 0.25, 0.5 and 0.75 where X0 = x/Lcav, where x is the probe-tip 
distance from step edge 9 and Lcav is the distance between step edges. Spanwise, 
the probes were placed at location z/b = 0.5, where z is the transverse direction of 
the chute and b is the spacing between vanes, z/b = 0.5 lies halfway in between the 
vanes. Detailed air-water flow distributions were recorded from the pseudo-bottom 
formed by step edges (y = 0) up to the spray region (Fig. C.1). The details of the 
investigated flow conditions are summarised in Table C.1. 
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Figure C.1 Double and single- tip probe measurements location (θ = 22o, h = 0.1 m)  
Table C.1 Summary of investigated flow conditions and utilized apparatus 
Config. θo dc/h 
 
h 
(m) 
Re Remarks 
(1) (2) (3) (4) (5) (6) 
4 (7 vanes in line) 22 1.5  0.1 7.3E+5  
L = 3.3 m,  
W = 1 m b = W/8 = 
0.125 m  
Measurement locations: Longitudinal: 
step edges 9 and 10 & locations between 
step edges X0 = 0.25, 0.5, 0.75 
Transverse location:  
 z/b = 0.5 
Measurement device: Double tip conductivity probe, scanning frequency : 20 kHz 
 Single tip conductivity probe, scanning frequency : 20 kHz 
Notes: h = step height; W = chute width; L = chute length, b = transverse separation of the 
vanes, X0 = x/Lcav, x is the probe-tip distance from step edge 9 and Lcav = cavity length , z = 
transverse direction of the chute, z/b = 0.5 is the centreline of the chute and lies halfway 
between the vanes. 
A experimental results comparison of air concentration C and dimensionless bubble 
frequency FadcVc distributions is illustrated in Figures C.2 and C.3 for both probes at 
identical locations and for identical flow conditions (configuration 4, channel 2, dc/h = 
1.5, skimming flow). In Figures C.2 and C.3, Fa is the number of bubbles impacting 
on the probe’s tip per second (leading tip for double-tip probe measurements), y is 
the flow depth measured perpendicular to the pseudo-invert, Y90 is the characteristic 
depth where C = 90 %, and dc and Vc are the critical depth and velocity respectively. 
Figure C.2 presents measurements collected on the channel centreline at step edge 
9, while Figure C.3 displays measurements obtained at X0 = 0.25 between step 
edges 9 and 10 and between vanes at z/b = 0.5 for the same flow rate. 
While both probes provide identical void fraction distribution data for identical flow 
conditions (step edge 9 and between step edges 9 & 10), significant differences were 
observed in terms of bubble frequency distributions (Fig. C.2b and C.3b). Basically 
the double-tip probe detected a larger number of bubbles than the single-tip probe.  
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The maximum bubble frequency detected by the double-tip probe within the flow was 
about 60% greater than that detected by the single-tip probe. Note that, the 
differences between both probes were greater within the bubbly region of the flow: 
i.e., both above the pseudo-bottom formed by the step edges (y > 0, C < 0.3, Fig. 
C.2b) and below it (y < 0, C < 0.3, Fig. C.3b). Such large differences might be the 
result of the ability of the double-tip probe to detect smaller bubbles (< 1 mm), 
together with a significant proportion of fine bubbles (< 1 mm) observed for the 
investigated flow conditions. Bubbly flow regions near the pseudo-bottom seemed to 
contain a large percentage of small bubbles that the single-tip cannot detect. 
Consequently it is suggested that measurements with single-tip probes 
underestimated the bubble count rate in bubbly regions by about 60% when 
compared to measurements conducted with the finer double-tip probe. Present 
results suggest that the use of the double-tip probe was more suitable.  
 a) Air concentration distributions  
b) Bubble count rate distributions  
Figure C.2 Air-water flow properties measured with single-tip and double-tip probes for 
identical flow conditions (dc/ h = 1.5, skimming flow) at the centreline in step edge 9 
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a) Air concentration distributions 
b) Bubble count rate distributions 
Figure C.3 Air-water flow properties measured with single-tip and double-tip probes for 
identical flow conditions (dc/ h = 1.5, skimming flow) at X0 = 0.25 between step edges 9 
& 10 and at z/b = 0.5 (between vanes) 
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Appendix D. Conservation of Water Mass Flux and Mass 
Flux Enhancement in the ‘Mist’ Region due to Vanes 
D.1 Confirmation of the continuity equation for water 
Additional flow rate verifications were conducted by checking the continuity equation 
for water at several measurement locations (at different step edges) downstream of 
the point of inception. In an incompressible open channel flow (with constant density), 
the amount of fluid entering a control volume is identical to the fluid leaving it in 
steady flow conditions. For a self-aerated open channel flow, the continuity equation 
yields:  
∫ ⋅−⋅= 90
Y
0
aw dy)C1(Vq                                                                                                 D.1 
where qwa is the flow discharge per unit width in m2/s, y is the depth normal to the 
channel floor, C is the air concentration, V is the local velocity of the air-water flow 
and Y90 is the characteristic depth at C = 90 %.  
A comparison of results between flow rates calculated based upon point gauge 
measurements at the crest of the weir (Eq. B.1) and water discharges deduced from 
the continuity equation for air-water flows (Eq. D.1) was performed. Results from 
previous experimental studies in air-water flows were also included in the comparison 
for completeness. Previous experimental data include: flow rates and air-water flow 
velocities measured in stepped chutes with an optical fibre double-tip probe by Boes 
(2000) and with a double-tip conductivity probe measurements (identical to the 
utilized in the present study) by Chanson and Toombes (2001a; 2002c). Flow rate 
measurements in sloped smooth channels obtained using double-tip conductivity 
probes by Cain (1978) and Chanson (1988) were also included in the comparison. A 
summary of the investigated experimental conditions and instrumentation is 
presented in Table D.1.  
Experimental data are presented in Figure D.1, where qwa is the flow rate computed 
upon the continuity equation for air-water flows (Eq. D.1) obtained at different step 
edges and qw is the water discharge deduced from point gauge measurements at the 
crest weir (Eq. B.1) for the investigated flow conditions. Overall the results differ by 
about ± 20 %. Further, the observed trend suggests that flow rates computed upon 
point gauge measurements at the crest were systemically slightly larger than flow 
rates calculated based upon the water continuity equation (Eq. D.1).  
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Table D.1 Flow conditions for compared experimental studies  
Study 
[1] 
qw (m2/s) 
[2] 
Experimental facility 
[3] 
Instrumentation 
[4] 
Cain (1978) 2.23 & 3.16 Smooth concrete spillway 
(Prototype, θ = 45º) 
Double-tip conductivity probe 
(φ = 1 mm) 
Chanson 
(1988) 
0.0663 to 0.0994. Smooth chute (Model, θ = 52o, W 
= 0.25 m) 
Double-tip conductivity probe 
(φ = 0.025 mm). 
Boes (2000) 0.046 to 0.38 
(skimming) 
Stepped chute models (θ = 30 & 
50o, W = 0.5 m, h = 0.023 to 
0.093 m) 
Double-tip optical fibre probe 
Chanson and 
Toombes 
(2001) 
0.069,0.108 & 
0.188 (transition 
and skimming) 
Stepped chute model (θ = 16o, W 
= 1 m, h = 0.1 m, l = 0.35 m)  
Double-tip conductivity probe 
(φ = 0.025 mm) 
Chanson and 
Toombes 
(2000) 
0.058,0.114 & 
0.182 (transition 
and skimming) 
Stepped chute model (θ = 22o, W 
= 1 m, h = 0.1 m, l = 0.25 m) 
Double-tip conductivity probe 
(φ = 0.025 mm) 
Present study 
 
Channel 1 
0.046 to 0.219 
(transition and 
skimming) 
Stepped chute models (θ = 16o, 
W = 1 m, h = 0.1, l  = 0.35 m) 
Double-tip conductivity probe 
(φ = 0.025 mm) 
Channel 2  0.029 to 0.2 
(transition and 
skimming) 
Stepped chute models (θ = 16o, 
W = 1 m, h = 0.5 m, l = 0.175 m) 
Double-tip conductivity probe 
(φ = 0.025 mm) 
Channel 3 0.114 to 0.219 
(skimming) 
Stepped chute models  (θ = 22o, 
W = 1 m, h = 0.1 m, l = 0.25 m) 
Double-tip conductivity probe 
(φ = 0.025 mm) 
In air-water flows down a sloped chute, a great amount of spray is generated. It is 
difficult to visually determine the water surface and to accurately measure a 
representative flow depth. Despite the accuracy of the instruments (double-tip 
conductivity, optical fibre probes, etc.) air-water flow velocity measurements are 
difficult to perform, thus leading to some inaccuracies. Experimental data obtained in 
channels with different bottom roughness (i.e. smooth and stepped chutes) operating 
with diverse flow conditions (from transition to skimming flows) suggests that strong 
splashing, large spray generation and in turn inaccurate experimental air-water flow 
velocities are a phenomenon not restricted to flow cascading down stepped chutes. 
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a) Comparison of present and previous experimental data (log-log scale) 
b) Details of the comparison 
Figure D.1 Flow rates computed upon the continuity equation for air-water flows (Eq. 
D.1) and deduced from point gauge measurements at the crest weir (Eq. B.1)  
For air-water flows, depth averaged velocities can be calculated upon the velocity 
profiles measured at different locations as: 
∫
∫
⋅⋅−
⋅⋅−
=
90
90
Y
0
Y
0
wa
dy)C1(
dyV)C1(
U                                                                                                D.2 
where C is the local void fraction, V is the local velocity, y is the air-water flow depth 
and Y90 is the characteristic depth at C = 90%. In Figure D.2, Uwa values are 
compared with clear water flow velocities, Uw = qw/d, obtained at different locations 
for the investigated conditions, where qw is the water flow rate deduced from point 
gauge measurements and d is the equivalent clear water flow depth: ∫ ⋅−= 90
Y
0
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Figure D.2 Air-water flow velocities based upon experimental velocity profiles Uwa, 
versus clear water flow velocities based upon point gauge measurements Uw 
In Figure D.2, Uw velocities are in average 20% larger than the velocities computed 
upon local velocity profiles Uwa, (Uw ≈ 1.2⋅Uwa). This difference is equivalent to the 
observed discrepancies in flow rate estimates (Fig. D.1). Recently, Ohtsu et al. 
(2004) presented a comparison between air-water flow depths, dw obtained assuming 
that the residual energy of a skimming flow coincides with the energy at the toe of a 
jump formed immediately downstream of the stepped channel (indirect method) and 
clear-water depths, d, measured at the end of stepped chutes with a double 
conductivity probe for different channel configurations  (5.7 ≤ θ ≤ 55o and 0.00625 ≤ h 
≤ 0.1 m). Their results showed that the difference between d and dw was 
approximately ± 10 %. They also compared their air-water flow mean velocities Vave4 
with Uw velocities obtained by Boes (2000) with a double-tip optical fibre probe (Table 
D.1) and by Yasuda and Chanson (2003) with a double-tip conductivity probe. Their 
results showed that mean velocities Vave were about 20 % larger than the clear-water 
flow velocities Uw. Present and past results demonstrated that, in air-water flows, it is 
difficult to measure a representative flow depth, when great spray generation and 
strong splashing occur near the water surface. The presence of spray tends to 
decrease the accuracy of air-water flow depth measurements conducted at different 
locations and in turn that of the air-water flow properties (velocities and flow rates) 
calculated upon such measurements.  
                                                 
4 ( )∑
=
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Overall, the accuracy of the air-water flow velocity and flow rate calculations was 
found to be about ± 20 %. Results also demonstrated that any kind of instrument (i.e. 
double-tip conductivity and optical fibre probes, point gauges, etc.) is susceptible to 
the same measurement uncertainty.  
Several researchers conducted air-concentration measurements using different 
depths as a reference: Aivazian (1987) and Jevdevich and Levin (1953) conducted 
measurements up to Y98, depth corresponding to C = 0.98 while Shi et al. (1983) and 
Cui (1985) performed measurements up to Y60 where Y60 is the characteristic depth 
at C = 60%. However, Chanson (1992) indicated that, in highly aerated flows, 
measurements of air concentration and velocity, performed with intrusive probes, 
should be conducted from 0 to Y90 to satisfy the continuity equation for water, as the 
velocities of each phase (air and water) are equal only within this range (no-slip 
condition).  
D.2 Water mass flux enhancement in the ‘mist’ region due to vanes 
Systematic air-water flow measurements were also performed in channel 2 (θ = 22o, 
h = 0.1 m) when equipped with different configurations of vanes or longitudinal ribs 
acting as turbulence manipulators. The different vane configurations were observed 
to have a strong influence on the air-water flow cascading down the stepped chute, 
inducing the development of wakes or low-speed streaks above each vane and 
enhancing the spray generation and splashing. 
Seven stepped geometries were tested systematically (Chapter 5, Table 5.1). The 
reference configuration (configuration 1) was a typical stepped chute comprising ten 
identical horizontal steps with a 22o slope. For the subsequent configurations (2 to 7), 
the chute was equipped with vanes (thin longitudinal ribs) placed across the step 
cavity from steps 2 to 10.  
For one water discharge (dc/h = 1.5) air-water flow properties were measured with 
the double-tip conductivity probe located at different spanwise locations at step edge 
9 and in between step edges 9 and 10 within four chute configurations (Table D.2). 
Detailed air-water flow properties were conducted in the spray region up to Y99 where 
is the depth corresponding to C = 0.99.  
The water mass flux in the ‘mist’ region, qmist, was calculated for measurements 
obtained at step edge 9 as: 
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where C is the void fraction, y is the aerated flow depth, Y99 is the depth 
corresponding to C = 0.99, qw is the flow discharge per unit width calculated upon 
point gauge measurements above the crest and qwa is the integration of the velocity 
profiles from y = 0 up to Y90 (Eq. D.1). 
Table D.2. Experimental conditions to investigate spray and splashing enhancement 
due to vanes in stepped chutes with turbulence manipulating vanes 
Config. θo 
qw 
(m2/s)  
 
dc/h 
h 
(m) Re Remarks 
(1) (2) (3) (4) (5) (6) (7) 
 21.8 0.182 0.1 5 0.1 1.82E+5  L = 3.3 m, W = 1 m 
1 b = W = 1 m (no vane) 
2 b = W/4 = 0.25 m (3 vanes in-line) 
3 b = W/8 = 0.125 m (7 vanes in-line) 
4 b = W/8 = 0.125 m (7 vanes in zigzag) 
Notes: h = step height; W = chute width; L = chute length 
For configuration 1 (without vanes), measurements were conducted with the double-
tip probe located on the channel centreline at step edge 9. In the direction normal to 
the flow, measurements were conducted from y = 0 (i.e. pseudo-bottom formed by 
step edges) up to Y99. For configurations 2 to 4 (configurations with vanes), 
measurements were also carried out systematically at three different spanwise 
locations z/b = 0, 1/4 and 1/2, where z is the transverse direction of the chute and b 
is the spacing between vanes. For configuration 4 (vanes in zigzag) z/b = 0 coincides 
with the channel centreline above a series of vanes, in the directions parallel and 
normal to the flow, measurements were performed as for configuration without vanes. 
Such a systematic experimental programme provided concise data on the effects of 
the vanes on the highly turbulent aerated flows cascading down the chute. 
Experimental values of qw, qwa and qmist, are reported in Table D.3, where qw is the 
flow discharge per unit width deduced from point gauge measurements at and 
upstream the crest, qwa is the flow discharge per unit width obtained from conductivity 
probe measurements and qmist is the water mass flux in the mist region. Mean air 
concentration, Cmean, and dimensionless characteristic depths at C= 0.9 Y90/dc 
obtained from conductivity probe measurements are also included.  
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Experimental data showed consistently that the dimensionless water flux in the mist 
qmist/qw was about 5 – 10 % in absence of vanes (configuration 1), and increased to 
about 20 – 30 % for configurations 2, 3 and 4 (with vanes). Among the configurations 
with vanes, the largest mist flux was observed for configuration 2 (at both locations 
z/b = 0.25 & 0.5). However little difference was observed between all configurations. 
The data suggested that the presence of vanes induced greater spray generation 
and splashing, specifically with vanes arranged in line. 
Table D.3 Spray mass flux measurements for skimming flows down a stepped chute 
with and without turbulence manipulation  
step edge 9           
Configuration 1, (No vane)      
dc/h qw 
(m2/s) 
qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean
     
1.1 0.11 0.11 0.004 0.04 0.58 0.38      
1.3 0.14 0.14 0.000 0.00 0.57 0.34      
1.5 0.17 0.15 0.026 0.15 0.53 0.36      
1.7 0.21 0.19 0.024 0.12 0.54 0.32      
   average 0.08        
Configuration 2, (3 vanes in line) z/b=0.25  z/b=0.5     
dc/h qw 
(m2/s) 
qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean 
1.1 0.11 0.08 0.03 0.28 0.52 0.40 0.08 0.03 0.30 0.53 0.41 
1.3 0.14 0.10 0.04 0.27 0.52 0.36 0.10 0.04 0.28 0.54 0.42 
1.5 0.17 0.12 0.06 0.33 0.48 0.36 0.12 0.05 0.31 0.49 0.38 
1.7 0.21 0.14 0.07 0.35 0.28 0.28 0.14 0.07 0.35 0.48 0.28 
   average 0.31    average 0.31   
Configuration 3, (7 vanes in line)       z/b=0.25  z/b=0.5     
dc/h qw 
(m2/s) 
qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean 
1.1 0.11 0.08 0.03 0.23 0.55 0.40 0.08 0.03 0.28 0.51 0.39 
1.3 0.14 0.12 0.02 0.15 0.57 0.35 0.11 0.04 0.25 0.53 0.39 
1.5 0.17 0.14 0.03 0.18 0.57 0.36 0.14 0.03 0.18 0.56 0.36 
1.7 0.21 0.16 0.05 0.24 0.48 0.32 0.16 0.05 0.24 0.48 0.32 
   average 0.20    average 0.24   
Configuration 4, (7 vanes in zigzag) z/b=0.25 z/b=0.5     
dc/h qw 
(m2/s) 
qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean qwa 
(m2/s) 
qmist 
(m2/s) 
qmist/qw Y90/dc Cmean 
1.1 0.11 0.11 0.003 0.03 0.58 0.34 0.09 0.02 0.18 0.61 0.37 
1.3 0.14 0.11 0.03 0.25 0.57 0.40 0.11 0.03 0.20 0.59 0.36 
1.5 0.17 0.13 0.05 0.26 0.53 0.37 0.13 0.05 0.27 0.55 0.35 
1.7 0.21 0.14 0.07 0.32 0.47 0.32 0.13 0.08 0.36 0.47 0.35 
   average 0.21    average 0.25   
dc is the critical flow depth, h is the step height (h = 0.1 m ), qw is the flow discharge per unit 
width deduced from point gauge measurements at and upstream the crest, qwa is the flow 
discharge per unit width obtained from conductivity probe measurements and qmist is the water 
mass flux in the mist region, Cmean is the depth averaged air concentration and Y90 is the 
characteristic depth at C = 0.9  
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Appendix E. Air-Water Flow Void fraction Distributions in 
Stepped Chutes 
When water flows down a sloped chute, the turbulence level next to the water free 
surface is small at the upstream end and the water has a smooth, glassy 
appearance. Free surface aeration is observed when the turbulence acting next to 
the free surface is large enough to overcome the surface tension of the water and the 
buoyancy of such bubbles. The point of inception is the location where free surface 
aeration starts. Downstream of the point of inception, the flow becomes white and 
frothy. A simple diffusion model can predict the air concentration distribution 
downstream of the inception point of air entrainment in self-aerated flows. Chanson 
(1995c) developed an analytical solution for air-bubble diffusion based on the 
buoyancy of the bubbles in water. He proposed that at uniform equilibrium, the 
buoyancy counteracts the turbulent diffusion. Hence, the continuity equation for a 
small control volume yielded: 
0)Cru(y
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y
C
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where y is the direction normal to the pseudo invert, θ is the chute (pseudo invert) 
slope, Dt is the turbulent diffusivity in the direction normal to the stream flow and Ur is 
the bubble rise velocity. The buoyant force acting in a submerged body is the 
difference between the vertical components of the pressure force above and below it. 
For a single air-bubble rising at a constant velocity in a quiescent fluid, the drag 
forces counterbalance the resultant of the weight force and the buoyant force. 
Neglecting the weight of the air-water bubble, the square of the rise velocity is 
proportional to the pressure gradient: 
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where C is the void fraction and (ur)Hyd is the rise velocity in a hydrostatic pressure 
gradient: 
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where ρw is the water density, ρair the air density, µw is the liquid dynamic viscosity 
and dab is the bubble diameter. 
Replacing ur by its expression (Eq. E.2), the diffusion equation for air in an 
equilibrium flow region becomes: 
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where (ur)Hyd is assumed constant.  
A first integration of the diffusivity equation leads to: 
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where y’ = y/Y90, y is the depth normal to the flow direction, Y90 is the characteristic 
depth corresponding to C = 0.9 and [ ]90Hydr Ycos)(uDt/D' ⋅θ⋅=  is the dimensionless 
turbulent diffusivity.  
Further, assuming a homogeneous turbulence across the flow (i.e. D’ constant), the 
integration yields: 
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where K’ is a dimensionless constant (Chanson 1995b; Chanson 1997b). A 
relationship between D’ and K’ is deduced for C = 0.9 for y’ = 1: 
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where K* = 1/tanh( 1.0 ) = 0.32745. 
The diffusivity and the mean air concentration Cmean defined in terms of Y90 are 
related by: 
( ) ( )( )∗−⋅⋅= Ktanh'Ktanh'D2Cmean                                                                                E.8 
More advanced void fraction distribution models were developed assuming a non-
constant vertical diffusivity distribution by Chanson and Toombes (2001a). Obtained 
analytical solutions of the air concentration and air bubble diffusivity distributions are 
shown in Table E.1.   
In the present study, the models of Chanson and Toombes (2001a) were used to 
successfully analyse void fraction distributions in transition and skimming flows. 
Experimental data compared favourably with these solutions, demonstrating that the 
non-constant turbulent diffusivity assumption allowed more accurate void fraction 
distribution estimates than previous analytical solutions (Fig. E.1). 
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Table E.1 Advanced air-bubbles diffusion models 
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Figure E.1 Theoretical and experimental air concentration distributions obtained at 
step edge 9 for skimming flows (θ = 22o, dc/ h = 1.5, h = 0.1 m, Re = 7.3 x 105) 
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Appendix F. Fourier Spectral Analysis 
The outputs from the double-tip probe are voltage signals that represent the number 
of bubbles striking sequentially both tips (leading and trailing). The two signals 
obtained from the probe tips allowed measurement of air-water flow properties at 
different flow regions, to characterize the complex microscopic scale air-water flow 
structure. As the bubble piercing on the probe tips is considered to be a stochastic 
process, the power spectral density function or auto power spectrum of the probe’s 
leading tip signal may provide information on the stationarity and periodicity of the 
signal and may uncover some cyclical processes occurring in the air-water flow.  
The voltage signal outputs were sampled at 20 KHz during a period of 20 s, 
delivering a discrete time series with a total number of 400,000 evenly spaced points 
(∆t = 0.00005 s). All data signals were divided in two segments of 217(131072) 
values, (the size of the segments was always an integer power of 2) and fast fourier 
transformed to obtain auto power spectrums based on 218 (262144) data points (both 
segments without overlapping). The discrete signal (h(t) voltage as a function of time) 
was represented as a function of frequency H(f) by means of the Fast Fourier 
Transform, FFT (Bendat and Piersol 1971; Oppenheim et al. 1999; Priestley 1981), 
according to: 
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where t is the time in seconds and f is the frequency in Hertz.  
For a finite number N of consecutive sampled points h(k) = h(k·∆t) for k = 0,1,2,….N-1 
and ∆t is the sampling interval. The integral in Equation F.1 can be accurately 
approximated by the discrete sum: 
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where N is the number of consecutive sampled values, ∆t is the sampling interval and 
n = -N/2…N/2. The final sum of Equation F.2 represents the discrete FFT of the N 
points hk: 
∑=
=
π
=
1N
0k
N
ikn2
kk ehH                                                                                                           F.3 
Appendix F. Fourier Spectral Analysis 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               191 
Leading tip signal Power Spectral Densities (PSD) or auto power spectrums were 
performed based on a simple version of an estimator called the Periodogram (Press 
et al. 1989b). For a N-point sample, the periodogram estimate of the power spectrum 
at N/2+1 frequencies was calculated as: 
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where Hk is the FFT calculated with Equation F.3 and fk is defined only for the zero 
and positive frequencies 
N
kf2
N
kf ck ⋅=∆= for k = 0,1,…N/2.  
An example of a typical PSD is presented in Figure F.1, where the vertical axis 
represents the power density in (V2/s or J) and the horizontal axis is the frequency in 
Hz. The PSD function displays the partitioning of power, or voltage variation of the 
signal at a certain frequency. Since the air-to-water/water-to-air interface lengths are 
a function of the velocity at which they are convected past the probe (local flow 
velocity V) and of the frequency f, the fluctuation of the air+water structure chord 
lengths impacting the probe can be inferred from the auto power spectrum. Although 
this technique is still in its infancy it may provide a powerful tool that could speed up 
considerably the processing times. 
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Figure F.1 Example of a PSD obtained for channel 2 (θ = 21.8o,h = 0.1 m, dc/h = 1.5, 
Re = 7.3 x 105, skimming flow) between step edges 9 & 10, X0 = 0.2 and below 
pseudo-bottom y/h = -0.26 
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Once a PSD was calculated, the data corresponding to frequencies between 0 and 1 
Hz were filtered using the algorithm of Press et al. (1989b), disregarding the 
information in the signal caused by air+water length scales, λc, larger than about 3 m 
(e.g. in a 3 m/s flow velocity, the air+water length scale corresponding to a fc =1 Hz is 
λc = 3 m). As highly turbulent skimming flows comprise mainly tiny to microscopic 
bubbles (cha ~ 1.5 mm), disregarding long period waves occurring in flow in phase 
with the pseudo-bottom (λc = 3 m), should not affect the accuracy of the spectral 
analysis.  
F.1 Comparative results and physical interpretation 
For one flow discharge (dc/h = 1.5, Q = 0.182 m3/s) corresponding to the skimming 
flow regime, spectrums obtained from measurements conducted in channel 3 (θ = 
21.8o, h = 0.1 m, W = 1 m) were further analysed to investigate the differences 
between them and their ability to characterize the air-water flow structure (Table F.1). 
Spectrums were obtained at step edge 9 and at several locations X0 between step 
edges (i.e. X0 = 0.2, 0.3, 0.5 & 0.7) where X0 = x/Lcav, x the probe-tip distance to the 
upper step edge and Lcav is the distance between steps edges. In the direction 
normal to the flow, measurements were conducted from and below y = 0 mm 
(pseudo-bottom formed by step edges) up to the spray region where (C > 70%) to 
obtain a complete flow characterization (Fig. F.2).  
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Figure F.2 Measurements between step edges 
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Table F.1 Measurements selected to perform spectrum comparison 
Flow conditions for spectrum comparison  (θ = 22o, h = 0.1 m, dc/h = 1.5, Re = 7.3 x 105) 
step  9      91 X0= 20 %    92 X0= 30 %    
y(mm) C V(m/s) Region y(mm) C V(m/s) Region y(mm) C V(m/s) Region 
8 0.06 2.79 bubbly  -26 0.08 1.19 cavity -4 0.17 1.99 cavity 
20 0.07 2.94 bubbly  -10 0.06 1.5- cavity -1 0.12 1.85 cavity 
38 0.17 3.24 bubbly  -6 0.07 1.43 cavity 5 0.12 2.34 bubbly  
47 0.41 3.45 transition 5 0.06 2.21 bubbly  29 0.15 3.00 bubbly  
56 0.64 3.61 transition 14 0.05 2.79 bubbly  41 0.24 3.24 bubbly  
62 0.76 3.61 spray  41 0.15 3.24 bubbly  47 0.34 3.31 transition
70 0.86 3.70 spray  53 0.34 3.45 transition 58 0.50 3.38 transition
78 0.9 3.61 spray  62 0.61 3.53 transition 70 0.75 3.61 spray  
      70 0.79 3.70 spray  78 0.85 3.61 spray  
      74 0.84 3.61 spray  86 0.93 3.69 spray  
        82 0.91 3.70 spray          
94 X0= 50 %   96 X0= 70 %           
y(mm) C V(m/s) Region y(mm) C V(m/s) Region         
-9 0.13 2.25 cavity 8 0.06 2.79 bubbly       
-6 0.13 2.36 cavity 20 0.07 2.94 bubbly       
-3 0.13 2.70 cavity 38 0.17 3.24 bubbly       
6 0.17 2.6 bubbly  47 0.41 3.45 transition      
18 0.18 3.10 bubbly  56 0.63 3.61 transition      
27 0.21 3.28 bubbly  62 0.76 3.61 spray       
42 0.36 3.60 transition 70 0.85 3.70 spray       
50 0.51 3.51 transition 78 0.90 3.61 spray       
66 0.77 3.60 spray            
78 0.88 3.68 spray            
86 0.93 3.68 spray                  
Note:  y = air-water flow depth in mm, h = step height = 0.1 m, C = void fraction, V = local air-water 
flow velocity and dc is the flow critical depth above the broad crested weir. 
A typical PSD obtained for a measured location is presented in Figure F.3 (note that 
the auto spectrum is plotted in a log-log scale). Disregarding the lowest frequency 
range, the PSD can be roughly divided into two zones. Zone 1(low frequency zone) 
corresponding to the area under the curve y1 (line with slope S1) and zone 2 (high 
frequency zone) corresponding to the area under y2 (line with slope S2). In a linear 
scale, y1 and y2 represent power functions with the slopes as exponents (Eq. F.5).  
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where P is the power density in (V2/s or J) and f is the frequency in Hz. Such patterns 
were consistently observed for all investigated conditions. 
It is believed that zone 1 corresponds to the energy in the signal caused by large 
scales (large bubbles impacting the probe), while zone 2 represents the energy in the 
signal due to the smaller scales (smaller bubbles impacting the tips).  
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No peak corresponding to a dominant frequency was observed in the spectrum, 
however a characteristic frequency corresponding to the change of slope (fc) was 
noticed. 
(f ,P )c c
(f ,P )2 2
P =f1
(f ,P )1 1
P =f2
S1
S2
 
Figure F.3 Example of a PSD obtained for channel 2(θ = 21.8o,h = 0.1 m) between 
step edges 9 & 10, X = 0.2, y = - 26 mm (below pseudo-bottom), dc/h = 1.5, skimming 
flow 
The physical meaning of such a spectrum is still unknown, but it is believed that fc 
can provide a point of comparison between air+water interfaces corresponding to 
frequencies smaller than the characteristic (f < fc) and those corresponding to larger 
frequencies (f > fc). For example, in a typical observation in skimming flows (fc = 600 
hz, V = 3 m/s), the characteristic length scale is fc = 5 mm. In this case, zone 1 
comprises the energy caused by interfaces larger than 5 mm and zone 2 the energy 
caused by interfaces smaller than 5 mm. In turbulent flow literature (Hinze 1975; 
Pope 2000; Tennekes and Lumley 1972) the energy spectrum is usually divided into 
three zones, zone 1 or ‘Energy containing range’ is the lowest frequency region, zone 
2 or Inertial sub range is the intermediate part of the spectrum and zone 3 or 
dissipation range is the largest frequency part of the spectra. In the present study the 
same division does not apply because the base signal is voltage (or conductivity) 
rather than velocity.  
Although this technique is still in an early stage, the spectrum analysis may provide 
an insight in the structure of the air-water flow in a faster manner than traditional 
methods (bubble/droplet chord length distributions analysis). The values of the slopes 
S1 for all the analysed spectra obtained at different longitudinal locations along the 
cavity (Table F.1) are shown in terms of the dimensionless depth y/h in Figure F.4a, 
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where y is the depth normal to the stream flow and h is the step height. Values of the 
slopes S2 for the same conditions are shown in Figure F.4b. 
a) S1 values 
b) S2 values 
Figure F.4 Comparison of characteristic values of slopes S1 and S2 obtained in 
different flow regions at step edge 9 and in between step edges 9 & 10 (X0 = 0.2, 0.3, 
0.5 & 0.7) for the investigated flow conditions (dc/h = 1.5, Re =7.3 x 105, skimming 
flow) 
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From the conducted analysis it can be observed that S1 values showed different 
values at different flow regions (low values for the measurements located in the 
cavity recirculation and bubbly zones (S1 ≈ 0.9), increasing values towards the 
transition zone (S1 ≈ 1.4 ) and lower values (around 0.9) in the spray region). 
The findings suggest that the structure of air+water and water+air interfaces with a 
length scale larger than λc varied with the depth.   
Values of S2 were observed to be nearly constant through all the vertical flow profile 
for all the measured locations (S2 ≈ 2.5), suggesting that interfaces with length 
scales smaller than the characteristic λc = V/Fc behaved in the same manner through 
all the measured locations, independent of the flow region. Although these findings 
are preliminary, they are first thoughts to uncover all the possible information 
contained in the power spectrum. Results demonstrated that the analysis of the 
leading tip signal PSD’s can lead to an insight of the flow structure (air+water or 
water+air interfaces with different length scales) comprised within the flow. Therefore, 
a more detailed spectrum decoding is needed. 
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Appendix G. Chord Length Distribution 
The conductivity probe can measure the chord lengths of air-structures and water-
droplets passing the probe-tip. The variation in size of theses chord lengths can be 
output as a Probability Density Function (PDF; the probability of a chord length being 
equal to a particular length). A common non-negative probability function (i.e. chord 
length ≥ 0) is the lognormal distribution, defined as: 
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where χ is the air-bubble or water-droplet chord length cha or chw and M’ and S’ are 
the mean and standard deviation of ln(χ) respectively. 
Bubble and droplet chord length distribution functions for data obtained in the bubbly 
flow (y > 0, C < 0.3) and the spray flow (C > 0.7) regions at the same location for five 
configurations in channel 2 are shown in Figure G.1 and G.2. Measurements were 
conducted for configurations 1 to 5 (Table G.1) at 25% of the distance between step 
edges 9 and 10 (X0 = 0.25,) along the channel centreline (z/b = 0) for configuration 1 
and at a transverse position (z/b = 0.25) for configurations with vanes (2 to 5). Figure 
G.1 and Figure G.2 present bubbly flow region (y > 0, C < 0.3) and spray flow region 
(C > 0.7) data respectively. Since the bubble-chord lengths are recorded as discrete 
values, the PDF’s are presented as f(χ) = Pr(a < χ < b). 
Table G.1 Experimental conditions for chord size measurements 
Config. θo qw (m2/s) dc/h h (m) Re Remarks 
(1) (2) (3) (4) (5) (6) (7) 
 21.8 0.1 82 1.5 0.1 7.3E+5 L = 3.3 m,W = 1 m 
1 b = W = 1 m (no vane) 
2 b = W/4 = 0.25 m (3 vanes in line) 
3 b = W/4 = 0.25 m (3 vanes in zigzag every step) 
4 b = W/8 = 0.125 m (7 vanes in line) 
5 b = W/8 = 0.125 m (7 vanes in zigzag) 
Notes: dc = critical depth, h = step height; W = chute width; L = chute length 
Toombes (2002) found that for bubbly flow regions with low air concentrations and 
spray flow regions with high air concentration, the chord length distribution may be 
well represented by a standard distribution function. He also noticed that, the shape 
of the chord length function changes as the mean chord length, ( ach or wch ), 
increases. For example, the probability of the smaller chord lengths may be still 
represented by the same standard distribution, but the sample contains a 
disproportionate number of large-size bubbles.  
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In this study, chord length distributions for bubbly flows (y < 0, C < 0.3) obtained 
away from the vanes (z/b = 0.25) were seen to follow a log-normal distribution 
function for all configurations (Fig. G.1). Similar results were found in the spray flow 
region (C > 0.7; Fig. G.2). In some situations, however, the pattern reported by 
Toombes (2002) was observed. In Figure G.1 all the curves followed closely the 
lognormal distribution, however for the curve with the largest mean chord length 
(config. 5, ach  = 2.05 mm) the number of large bubbles was slightly underestimated. 
The pattern was more evident in Figure G.2 where the water-droplet mean chord 
lengths ( wch ) were large and similar for all configurations. Here, the log-normal 
distribution matched the distribution of the smaller droplets, but the number of large 
droplets was underestimated for all configurations. 
 
Figure G.1 Air-bubble chord length distributions obtained at z/b = 0 and at X0 = 0.25 
between step edges 9 and 10 for configuration 1 and at z/b = 0.25 and X0 = 0.25 for 
configs. 2 to 5, dc/h = 1.5, Re = 7.3 x 105 
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Figure G.2 Water-droplet chord length probability distribution functions obtained at 
z/b = 0 for the same conditions as in Figure G.1 
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Appendix H. Design of Embankment Stepped Spillways 
H.1 Presentation 
Flood protection for an embankment dam is usually achieved with a large capacity 
spillway system and/or by sacrificing some reservoir capacity to attenuate the 
floodwaters. In recent years, the original design discharges of several embankment 
dams were revised and discharges larger than the design flows were often obtained. 
In many cases, such large floods would result in dam overtopping and failure. Safe 
passage of the revised floods require increased reservoir storage, increased release 
capacity, overtopping protection or a combination of these alternatives (ASCE 1994).  
This section presents recent advances on the design of a concrete overtopping 
protection system (i.e. the overflow embankment spillway). Further, two dam 
construction techniques are discussed, the RCC gravity dam and the RCC 
downstream faced embankment dam. Present guidelines are based upon results 
obtained in this study. Although not definite, they aim to assess the key processes 
that are critical for the optimal operation of the stepped chutes with moderate slopes 
(16o < θ < 30o). 
Soviet engineers first developed the concept of overflow embankment spillways by 
placing a stepped chute on the downstream face of embankment and/or rockfill dams 
to form the primary spillway system. Today, although there are several materials to 
protect the downstream slope (e.g. paving, grass, rip-rap gabions, reinforced earth, 
pre-cast concrete slabs, formed concrete etc.), Roller Compacted Concrete (RCC) is 
the most popular, because of the rapid RCC placement, low cost of the works and 
the possibility of construction without any impact on reservoir operation. Nowadays, 
stepped downstream dam faces are also a safe, common method of handling PMF 
(Probable Maximum Floods) for new gravity and embankments dams. The stepped 
design increase the rate of energy dissipation taking place along the spillway face, 
and reduce the size and cost of downstream stilling basins and flip buckets. 
H.2 Previous studies 
Embankment dams with overtopping protection are typically less than 30 m high and 
they have moderately sloped downstream batters (between 2H: 1V and 4H: 1V). For 
RCC gravity dams with stepped downstream faces, the usual heights are usually less 
than 60 m with steeper downstream slopes (between 6H: 1V and 1H: 1V). 
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However a continuing increase in dam height has been observed during the last 
decade, with several RCC gravity dams surpassing a 90 m height (e.g. Tha dan dam 
in Thailand, Sidi said dam in Morocco, Ghatghar lower dam in India, Olivenhain dam 
in the USA and Dachaoshan dam in China).  
Despite the increasing popularity of stepped chutes with moderate slopes (15o < θ < 
30o), most studies and design criterions are focused on steep chutes (θ  ≈ 30 to 50o) 
only (e.g. Boes and Minor 2000, Matos 2000a). Only two design criterions referred to 
the hydraulic performance of stepped cascades with flat to moderate slopes (5.7 < θ 
< 30o; Chanson 2002b, Ohtsu et al. 2004).  
Chanson (1995c, 2002b) was the first to emphasise the different recirculation flow 
patterns beneath the main stream that depend upon the invert slope of stepped 
chutes operating with transition and skimming flow regimes. For skimming flows in 
flat channels (θ < 12 to 15o), a subregime SK1 is observed. It is characterised by the 
impact of the mixing layer in the horizontal part of the adjacent step. For moderately 
sloped chutes (θ < 15 to 25o), the wake interferes with the next mixing layer. This 
pattern is called SK2. On steep slopes (θ > 25 to 30o), a SK3 subregime is observed. 
This subregime comprises a stable recirculation in the step cavities. These results, 
based upon experimental data collected in prototypes and models, indicated further 
different trends in terms of flow resistance for flat and steep stepped chutes operating 
with skimming flows. (e.g. Chanson et al. 2002.)  
More recently, Ohtsu et al. (2004) presented a systematic investigation of skimming 
flows under a wide range of experimental conditions. They observed that the 
characteristics of skimming flows were substantially different between flat (5.7 < θ < 
19o) and steep channels (19 < θ < 55o). They found that for steep chutes, the shape 
of the water surface profile was independent of the ratio dc/h, where dc is the critical 
flow depth and h is the step height, and that the water surface was almost parallel to 
the pseudobottom formed by the step edges. This subregime was called Type A. In 
flat chutes (5.7 < θ < 19o) they observed that the water surface was not always 
parallel to the pseudo-bottom especially for small flow rates (subregime B). Their 
findings led to two different approaches to calculate flow resistance in flat and steep 
chutes that take into account the differences between Type A and Type B 
subregimes.  
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Despite the above-mentioned studies, there are still a number of not yet completely 
understood key issues, in moderately sloped stepped chute flows. In turn, design 
criterions need to be improved, specifically in terms of flow resistance. This section of 
the study presents some recent advances in design guidelines for stepped spillways 
with moderate slopes characteristic of embankment dams.  
H.3 Design guidelines 
H.3.1 General Spillway design considerations 
When designing a stepped spillway, the dam height, the downstream slope of the 
dam and the design water discharge are generally given. Basic parameters to be 
chosen include the design flow rate and the step height. However, the designer is 
often limited to select a step height (h) within the values determined by the dam 
construction technique (h = 0.3 to 0.6 m when using RCC or gabions). 
For the hydraulic design of stepped chutes, skimming flow is recommended to pass 
large water discharges while nappe flow is best to achieve maximum energy 
dissipation rate. Transition flows should be avoided as it might produce dangerous 
dynamic loads to the structure (Chanson 2002b). 
In a nappe flow, large flow rates are only achievable using very high steps. But it is 
recommended that in practice the step height might be less than 12 to 15 m.  
In skimming flows, the maximum flow discharge depends on the selected step height 
as it was demonstrated that the flow resistance decreases with the decreasing 
relative roughness h⋅cosθ/DH and in turn with the step height h (Chanson 1995c). 
When the relative roughness and in turn the step height are small, the flow discharge 
able to pass over the chute increases but the flow resistance is significantly reduced. 
At the limit, the steps become a negligible roughness and the energy dissipative 
properties of the chute decrease significantly.  
It is important that the designer not only takes into account the flow regime for the 
design flow but also for non-design flow conditions. For example, if the design flow 
corresponds to the PMF (1/100,000 years Average Recurrence Interval or return 
period ARI), the 1/10,000, 1/1000 and 1/100 years ARI’s must also be considered. 
In embankment dams the occurrence of a flood larger than the design flow might lead 
to some dam overtopping and it is likely to cause erosion and embankment 
breaching. With gravity dams, very large floods may cause dam overturning or 
sliding. In turn, the design guidelines for embankment overtopping protection chutes 
and moderately sloped RCC spillways in gravity dams are slightly different. 
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H.3.2 Crest design 
The crest of an overflow spillway should be designed to safely pass the discharge 
capacity of the structure. Common shapes include broad, circular and ogee profile 
crests. For embankment spillways with moderate slopes (θ < 30o), Chanson (2002b) 
suggested that broad-crest designs are more suitable, because the presence of the 
steps modify the flow field next to the invert and the pressures would differ from the 
atmospheric optimum on circular and ogee crests. Broad-crests also represent an 
advantage in overtopping embankments for construction ease, because a wide crest 
facilitates the access of trucks and rollers during construction times and can be used 
to lay inflatable rubber dams to increase the reservoir capacity later on. For RCC 
dams with slightly steeper slopes (θ < 45o), circular or ogee crests are commonly 
selected. For such cases, small steps immediately downstream of the crest should be 
installed and the risk of jet deflections at the first steps must be assessed. 
H.3.3 Moderate slope spillway design 
Figure H.1 presents a criterion for the hydraulic design of stepped channels with 
moderate slopes. It can be used to design chutes with slopes typical of embankment 
overtopping spillways (16o < θ < 22o) operating with skimming flows at design 
conditions. Normally, the width of the stepped chute W, the height of the dam Hdam, 
the slope θ and length L of the channel,  and the design water discharge Qw are 
known. In turn, the first stage consists in calculating the critical depth at the crest: 
3
2
2
w
c Wg
Qd ⋅=   2.1 
Secondly, the step height should be selected to ensure that the chute will operate 
with skimming flow conditions. Chanson (2002b) and Ohtsu et al. (2004) proposed 
two different criterions for the onset of skimming flow. Both are accurate and can be 
used indistinctly. The criterion by Chanson (2002b) is used in this study: 
θ⋅−> tan325.02.1
h
dc  H.1 
Once, the discharge and the step roughness are set, the position of the point of 
inception of air entrainment should be located to ensure that free-surface flow 
aeration occurs (Fig. H.1). It is also desirable the aeration to occur in the upstream 
end of the chute to achieve uniform flow conditions before the toe of the chute. The 
coordinates of the point of inception should be calculated as: 
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Figure H.1 Flow regions in a moderate slope stepped chute operating with skimming 
flow regime. 
Designers must also consider a maximum value of dc/h above which the steps 
become too small and no longer act as a large roughness. Analysis of experimental 
data on rockfill chutes and large roughness elements by Chanson (1995c) suggested 
a maximum step height limit of: 
θ⋅⋅≤ cosd15h c  H.3 
Further, fully developed condition must be achieved before the downstream end of 
stepped chute. This yields to another criterion in terms of the chute length L and 
channel slope θ 
935.0
259.0
c
cosh
Lsincos1193.0
1
h
d



θ⋅×θ×θ⋅
<  H.4 
After this point, designers should follow different paths depending if uniform 
equilibrium flow conditions are achieved, because for gradually varied flows the air-
water flow characteristics (depth, velocity, air concentration) fluctuate while in uniform 
equilibrium flow conditions they remain unchanged. 
If the channel is long enough for the flow to reach uniform equilibrium conditions, the 
characteristic flow depth d and velocity Uw should be calculated as: 
Appendix H. Design of Embankment Stepped Spillways 
Experimental Study of Free-surface Aeration on Embankment Stepped Chutes                               205 
θ⋅⋅= sin8
fdd ec  H.5 
d
qU ww =  H.6 
where fe is the Darcy friction factor estimated based upon experimental air-water flow 
friction factor data as: 
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where DH is the hydraulic diameter defined as DH = 4⋅d⋅W/(W+2d) and W is the chute 
width. Designers should be aware that in air-water flows, friction factors fe decrease 
wit increasing mean air concentration Cmean, hence Cmean should be calculated as 
suggested by Chanson (2002b):  
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where 
K
2f ⋅π=  with K = 4.5. 
Finally, Y90 (equivalent depth at C = 0.9) should be computed with d = (1-Cmean)⋅Y90 
and the height of the sidewalls hw determined (hw = 1.4⋅Y90 ).  
If the flow does not reach uniform flow conditions before the toe of the chute and 
operates with gradually varied flow conditions at the downstream end of the chute, 
the air-water flow depth should be deduced from the energy equation as: 
3
2
we
f dg
q
8
fS ⋅⋅=                                                       wide rectangular chutes             H.9 
where Sf is the friction slope Sf = -∂H/∂x, H is the total energy and x is the direction 
along the channel bed. The average air concentration can be computed based upon 
a criterion developed by Ohtsu et al. (2004): 
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with D = 0.3 for 5.7o <θ < 19o and 0357.00214.000024.0D 2 −θ⋅+θ⋅−=  for θ ≥19o. 
Although the present criterion is based upon experimental data and is recommended 
for moderate slope stepped spillways, designers should be aware that embankment 
overflow stepped spillway design is a critical process, as any failure can lead to a 
catastrophe.  
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A number of key parameters should be assessed properly, including stepped face 
erosion, seepage through the embankment, drainage beneath the steps, sidewall 
design, effects of the chute geometry, interactions between the abutments and the 
stepped face, convergence of the embankment and downstream energy dissipation 
in plunge pools (Chanson and Gonzalez 2004b). In turn, physical modelling with 
scaling ratios no greater than 3:1 is strongly advised, although this requirement is 
very stringent. 
Figure H.1 Design chart for moderate slope stepped spillways.  
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Appendix I. Publications Derived from the Study 
A summary of the publications derived from this study to date is presented in Table 
I.1. These include: 1 book chapter, 2 refereed journal papers, 1 discussion, 1 
refereed short letter and 6 refereed conference papers. Table I.2 presents submitted 
but not yet published papers; the date of submission and the currents status of the 
papers are also listed.  
Table I.1 Publications derived from the study 
Title Bibliographic reference 
Type: Book chapter 
 
CHANSON, H., and GONZALEZ, C.A. (2004). ‘Recent 
Advances in Stepped Spillway Design: Air-Water Flow on 
Stepped Chutes, Embankment Dam Stepped Spillway 
and Other Considerations.’ 
 
Status: Published 
 
‘Fluvial, Environmental & Coastal 
Developments in Hydraulic Engineering’, 
Balkema, Leiden, The Netherlands, Proc. 
Intl Workshop on State-of-the-Art 
Hydraulic Engineering, 16-19 Feb. 2004, 
Bari, Italy, M. MOSSA, Y. YASUDA and 
H. CHANSON Eds., pp. 81-97 (ISBN 04 
1535 899 X). 
Type: Refereed journal article  
 
GONZALEZ, C.A., and CHANSON, H. (2004). 
‘Interactions between Cavity Flow and Main Stream 
Skimming Flows: an Experimental Study.’ 
 
Status: Published  
 
Canadian Journal of Civil Engineering, 
Vol. 31, No. 1, pp. 33-44 (ISSN 0315-
1468). 
Type: Refereed journal article 
 
CHANSON, H., and GONZALEZ, C.A. (2005). ‘Physical 
Modelling and Scale Effects of Air-Water Flows on 
Stepped Spillways.’ 
 
Status: Published 
 
Journal of Zhejiang University SCIENCE 
(ISSN 1009-3095). Vol. 6A, No. 3,March, 
pp.  243-250 (ISSN 1009-3095).  
Type: Discussion 
 
GONZALEZ, C.A., and CHANSON, H. (2005). ‘Flow 
Characteristics of Skimming Flows in Stepped Channels. 
Discussion.’  
 
Status: Accepted for publication in May 2005 
 
Journal of Hydraulic Engineering, ASCE. 
 
Type: Refereed conference paper  
 
GONZALEZ C.A. and CHANSON, H. (2004). ‘Effects of 
Turbulence Manipulation in Skimming Flows: An 
Experimental Study.’ 
 
Status: Published 
 
15th Australasian Fluid Mechanics 
Conference. The University of Sydney, 
Sydney, Australia 13-17 December 2004. 
Type: Refereed conference paper 
 
CHANSON, H., and GONZALEZ, C.A. (2004).’Scale 
effects in Moderate stepped spillways experimental 
studies.’ 
 
Status: Published 
 
 
 
8th Australian Conference on Hydraulics 
in Water Engineering, Gold Coast, 
Australia 13-16 July 2004. 
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Type: Refereed conference paper 
 
CHANSON, H., and GONZALEZ, C.A. (2004). 
‘Interactions between Free-surface, Free-stream 
Turbulence and Cavity Recirculation in Open Channel 
Flows: Measurements and Turbulence Manipulation.’ 
 
Status: Published 
 
Proc. 5th International Conference on 
Multiphase Flow, Yokohama, Japan, Y. 
MATSUMOTO, K. HISHIDA, A. 
TOMIYAMA, K. MISHIMA and S. 
HOSOKAWA Eds., Paper 104, 14 pages. 
Type: Refereed conference paper 
 
CHANSON, H., and GONZALEZ, C.A. (2004). ‘Stepped 
Spillways for Embankment dams: Review, Progress and 
Development in Overflow Hydraulics.’ 
 
Status: Published  
 
Proc. International Conference on 
Hydraulics of Dams and River Structures, 
Tehran, Iran, Balkema, The Netherlands, 
F. YAZDANDOOST and J. ATTARI Eds., 
pp. 287-294 (ISBN 90 5809 632 7). (Also 
CD-ROM, Taylor & Francis, ISBN 90 
5809 683 4.). 
Type: Refereed conference paper 
 
GONZALEZ-RODRIGUEZ, C.A. (2003). ‘Experimental 
Study of Free-Surface Aeration and Turbulent Processes 
occurring down an Embankment Dam Stepped Spillway.’ 
 
Status: Published 
 
Proc. 30th IAHR Biennial Congress, J.F. 
Kennedy Student Paper, Thessaloniki, 
Greece, J. GANOULIS and P. PRINOS 
Eds., pp. 9-16 (ISBN 960-243-600-X). 
Table I.2 Papers derived from the study submitted but not yet published 
Type: Refereed short letter 
 
GONZALEZ, C.A., and CHANSON, H. ‘Turbulence 
manipulation in high velocity open channel flows with free-
surface aeration.’ 
 
Status: Submitted 
 
 
Physics of Fluids 
(Submission: January 2005) 
Type: Refereed conference paper 
 
GONZALEZ, C.A., and CHANSON, H. ‘Experimental study of 
turbulence manipulation in stepped spillways. Implications on 
flow resistance in skimming flows.’ 
 
Status: Submitted 
 
31st IAHR Biennial Congress, 
(Submission: January 2005) 
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Appendix J. Experimental Data CD 
Air-water flow experimental data conducted in channel 1 (θ = 16o), for two different 
step heights (h = 0.1 m & 0.05 m) and channel 2 (θ = 22o, h = 0.1 m) are presented in 
the attached CD-ROM. Data was collected with the double-tip conductivity probe for 
a number of dimensionless flow rates dc/h at every step edge located downstream 
the point of inception of air entrainment. 
In channel 1 (θ = 16o) nine flow discharges within the range 0.6 < dc/h < 1.7 were 
tested for configuration 1 (h = 0.1 m) while 12 flow rates within the range 0.7 < dc/h < 
3.2 were measured for configuration 2 (h = 0.05 m). In channel 2 (θ = 22o, h =0.1 m) 
four discharges (1.1 < dc/h < 1.7) were measured. Flow conditions are listed in Table 
A.2 including the point of inception of air entrainment and the observed flow regimes. 
For both channels (θ = 16o & 22o) with skimming flow conditions, measurements 
were conducted from y = 0 (i.e. pseudo-bottom formed by step edges) up to the 
spray region in the direction normal to the flow. In the flow direction, measurements 
were performed at and in between step edges at dimensionless distances X0 = 0.25, 
0.5 and 0.75 where X0 = x/Lcav, x is the probe-tip distance from the upper step edge 
and Lcav is the distance between step edges ( 22cav lhL += ). For transition flow 
conditions (channel 1 only) measurements were performed at step edges only. 
Detailed experimental data in terms of void fraction, air-water flow velocity, bubble 
count rate, turbulence intensity and bubble chord size distributions obtained at every 
measured location are presented in the data CD. Results in terms of water discharge 
per unit width qw, mean air content ∫ ⋅= 90
Y
0
mean dyCC , critical flow depth dc, critical 
velocity Vc, characteristic flow depth ∫ ⋅−= 90
Y
0
dy)C1(d , equivalent clear-water flow 
velocity flow velocity Uw = qw/d, characteristic depth at C = 0.9 Y90, air water-flow 
velocity at y = Y90, V90 and maximum bubble countrate Fmax are also included. 
The experimental data is presented in text files and can be accessed with any 
available text processor or spreadsheet. The experimental data is primarily divided in 
data collected in channel 1 (θ = 16o) and channel 2 (θ = 22o). For channel 1, data was 
obtained into two chutes: configuration 1(θ = 16o, h = 0.1 m) and configuration 2 (θ = 
16o , h = 0.05 m), subdivision follows the same criteria.  
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Subsequently, data is organized based upon flow regime conditions (e.g. transition or 
skimming) and dimensionless water discharge parameter (i.e. 1.4 < dc/h < 1.7 for 
skimming flow conditions in channel 1 with h = 0.1 m). Chord size distribution data 
are separately grouped in a folder named ‘chord size’ for all measured flow rates. 
Finally, the title of the file indicates the measurement location. Examples of air-water 
flow properties plots and chord size distributions are also included in the CD-ROM. 
Data recorded at step edges are labelled with the word ‘edge’ followed by the step 
edge number (e.g. edge 9 corresponds to a measurements conducted at step edge 
9) while files corresponding to measurements obtained in between step edges are 
labelled with the word ‘loc’ followed by a number denoting the step edge and the 
position of the measurements (Figures I.1 & I.2). For example,  ‘loc51’ corresponds to 
a measurement obtained at a dimensionless distance X0 = 0.25 just after step edge 
5, while ‘loc72’ contains data taken at X0 = 0.5 in between step edges 7 and 8 (Fig. 
I.1). The same notation applies for data measurements obtained at and in between 
step edges for all studied flow conditions.  
For channel 2, further subdivisions apply as 6 different configurations with differently 
arranged vanes were tested in the facility (Fig. I.3). Data for channel 2 without vanes 
is subdivided based upon flow regime (skimming flow only) and flow discharge 
conditions (e.g. in Figure I.2 folder 1.1 denotes a dimensionless discharge parameter 
dc/h = 1.1). For configurations with vanes, data is organized by the measured 
configuration (2 to 7), the transversal position of the measurement (z/b = 0, 0.25 & 
0.5) and the flow conditions (1.1 < dc/h < 1.7). The title of the text files indicates the 
position of the measurement in the direction of the flow. 
y
edge 3
edge 4
edge 5
edge 6
edge 7
edge 8
edge 9
h
loc53
θl
loc51
Lcav
loc52
x
θ
Inception Point
x
loc72
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l θ
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Figure I.1 Sketch of measurements at and in between step edges in stepped chutes. 
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Figure I.2 Structure of experimental data collected in channel 1(θ = 16o) and channel 
2 without vanes (θ = 22o) 
 
Figure I.3 Structure of experimental data collected in channel 2 (θ = 22o) with and 
without vanes  
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